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CORONA  DISCHARGE 
CHAPTER  I 


Introduction 


1.  Statement  of  the  Phenomenon. — When  high  potential  differ- 
ences exist  between  conductors,  the  insulating  property  of  the  sur- 
rounding air  partially  breaks  down,  and  a  conduction  of  electricity 
through  the  air  takes  place,  usually  accompanied  by  a  glow  at  either 
one  of  the  conductors  or  in  the  intervening  space.  This  glow  is 
called  the  corona.  The  phenomenon  is  commonly  seen  when  static 
machines  or  Tesla  coils  are  operated  in  the  dark,  and  less  frequently 
from  the  tips  of  lightning  rods  during  an  electric  storm.  The  corona 
is  evident  at  night  as  it  surrounds  very  high  voltage  alternating 
current  transmission  lines.  The  conduction  represents  a  loss  of  power, 
which  on  long  lines  may  become  an  important  item.  Peek  (1),  White- 
head (2),  and  others  (3)  have  carefully  studied  this  phenomenon 
for  alternating  differences  of  potential.  In  1912,  Peek  (4),  by  a  stro- 
boscope method,  showed  that  there  is  a  difference  between  the  corona 
discharge  from  positive  and  negative  conductors.  This  difference 
shows  that  corona  caused  by  alternating  potentials  is  a  combination 
of  two  effects ;  and  in  order  to  study  these  effects  separately  and  thus 
to  learn  the  true  facts  concerning  the  phenomenon,  continuous  poten- 
tials must  be  used.  A  study  of  the  corona  caused  by  continuous 
potentials  may  produce  engineering  data  of  value  owing  to  the  in- 
creasing development  of  high  tension  direct-current  generation  and 
transmission.  Previous  to  1914,  Watson  (5)  and  Schaffers  (6) 
were  the  only  men  who  had  experimented  on  the  direct  current  corona. 

Because  of  the  desirability  of  a  greater  knowledge  of  the  direct 
current  corona,  the  Physics  and  Electrical  Engineering  Departments 
of  the  University  of  Illinois  determined  to  carry  out  detailed  research 
to  develop  a  satisfactory  theory  for  the  corona  phenomena.  It  is  the 
purpose  of  this  bulletin  to  present  the  results  of  the  research  which 
has  been  completed  during  the  last  few  years. 


Note. — The   numbers   within    parentheses  refer  to  the  bibliography,  page  131, 
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2.  Acknowledgments. — The  writers  desire  it  to  be  clearly  under- 
stood that  the  research  presented  in  this  bulletin  is  a  compilation  of 
the  work  done  by  the  following,  Farwell,  Crooker,  Davis,  Breese, 
Owens,  Anderegg,  Faulkner,  and  Warner,  under  the  direction  of 
Jakob  Kunz.  The  work  of  these  men,  as  recorded  in  theses  or  in 
published  articles,  forms  the  basis  of  this  bulletin.  In  many  instances 
in  order  that  statements  might  be  accurate  the  words  of  the  authors 
have  been  copied  directly. 

3.  Apparatus. — The  continuous  voltage  used  in  these  investiga- 
tions was  obtained  by  means  of  a  battery  of  forty,  500-volt,  250-watt, 
continuous-current,  shunt-wound  generators  connected  in  series. 

These  machines  are  divided  into  two  sets  of  ten  machines  each, 
and  one  set  of  twenty  machines,  each  set  being  driven  by  a  belt-con- 
nected, continuous-current  shunt  motor.  The  generators  are  mounted 
on  insulating  bases  and  the  shafts  of  the  separate  machines  are  con- 
nected by  insulating  couplings.  One  terminal  of  each  machine  is 
permanently  connected  to  its  own  frame  in  order  definitely  to  limit 
the  electrical  strain  on  the  machine  insulation  to  the  voltage  gen- 
erated by  one  armature. 

The  field  of  each  generator  is  connected  directly  across  the  arma- 
ture terminals,  a  single  pole  knife  switch  being  included  in  the  circuit 
in  order  that  the  machine  may  either  be  made  to  generate  or  to  run 
idle  at  will.  These  switches  were  operated  by  means  of  a  hard  rubber 
rod  approximately  eighteen  inches  in  length,  since  they  may  be  twenty 
thousand  volts  above  earth  potential.  The  generators  were -run  some- 
what below  rated  speed  in  order  to  limit,  to  a  safe  value,  the  voltage 
generated  without  external  resistance  in  the  field  circuit.  The  voltage 
of  the  machine  supplying  current  to  the  driving  motors  was  main- 
tained at  a  constant  value  by  means  of  a  voltage  regulator.  The 
constant  speed  of  the  driving  motors  thus  produced  caused  the  re- 
sultant high  potential  of  the  battery  of  generators  to  be  practically 
constant.  A  fine  adjustment  of  voltage  was  obtained  by  means  of  a 
rheostat  in  the  field  circuit  of  one  of  the  generators.  Fig.  1  is  a 
general  view  of  the  generating  plant. 

Most  of  the  experimenters  working  in  this  field  have  dealt  with 
corona  in  air.  Air,  however,  changes  in  chemical  composition  im- 
mediately upon  the  formation  of  the  corona,  so  that  if  accurate 
data  are  desired  within  the  corona  discharge  region  some  arrangement 
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Fig.  1.       General  View  of  Generating  Plant 


Fig.  2.     A  Typical  Tube,  with  Slot 
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must  be  made  to  insure  uniformity  of  chemical  structure  in  the 
dielectric  at  all  times.  Such  uniformity  is  often  accomplished  by 
replacing  the  gas  immediately  surrounding  the  conductors  as  fast 
as  its  composition  changes.     This  renewal  is  often  impracticable. 

To  add  to  the  knowledge  of  the  corona  in  a  substance  which 
probably  does  not  change  chemically,  experiments  have  been  per- 
formed with  chemically  pure  hydrogen  as  the  dielectric.  The  hydro- 
gen used  in  this  part  of  the  work  was  produced  by  the  action  of 
lvydrone,  a  commercial  alio}7  of  lead  and  sodium,  upon  water.  The 
reaction  of  the  sodium  with  the  water  produces  hydrogen,  the  lead 
acting  as  a  retarding  agent  only.  The  hydrogen  was  collected  over 
water  and  purified  as  used. 

The  purifying  process  consisted  in  forcing  the  hydrogen  through 
concentrated  sulphuric  acid  drying  bottles  placed  in  series  with  a 
calcium  chloride  tube,  and  then  through  a  tube  in  a  combustion  fur- 
nace which  contained  red  hot  metallic  calcium.  The  drying  agents 
removed  all  water  vapor  and  the  heated  calcium  removed  all  traces 
of  oxygen  and  nitrogen.  Immediately  after  purification  the  hydrogen 
was  conducted  into  the  corona  apparatus.  In  the  purification  of  the 
hydrogen  a  discharge  tube  was  connected  directly  to  the  corona  ap- 
paratus, and  the  purity  of  the  hydrogen  was  tested  with  a  Hilger 
spectroscope.  After  careful  purification  no  traces  of  any  other  gas 
than  hydrogen  were  visible  in  the  bright  line  spectrum. 

The  type  of  the  corona  discharge  tube,  used  in  most  of  the  experi- 
ments to  be  described,  was  a  cylinder  with  a  wire  strung  along  its 
axis.     This  type  of  tube  was  chosen  for  several  reasons: 

(1)  The  corona  phenomena,  occurring  when  this  type  of 
apparatus  is  used,  lend  themselves  peculiarly  well  to  mathe- 
matical analysis. 

(2)  The  construction,  manipulation,  operation,  and  repair 
of  the  apparatus  are  extremely  simple. 

(3)  The  field  distribution  is  symmetrical  with  respect  to 
the  wire,  and  any  irregularities  in  the  wire  are  immediately 
recognizable  in  the  discharge. 

(4)  This  type  of  apparatus  has  been  used  by  other  investi- 
gators;  thus  results  could  be  compared  with  greater  assurance 
of  reliability. 
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The  apparatus  was  so  arranged  that  wires  of  different  sizes  could 
be  easily  strung  and  held  taut  exactly  along  the  axis  of  the  cylinder. 
In  order  to  limit  the  length  of  the  wire  from  which  the  discharge 
took  place,  glass  plates  with  holes  for  the  wire  to  pass  through  were 
sealed  to  the  ends  of  the  cylinder  so  that  the  holes  were  on  the  axis 
of  the  cylinder  and  metal  bushings  were  inserted  in  these  holes.  The 
wire  which  was  run  through  the  bushings  was  held  taut  by  sealing  wax. 
The  cylinder  was  provided  with  a  side  tube  through  which  the  air 
could  be  pumped  out  and  dry  air  or  pure  gases  allowed  to  enter. 
"When  the  visible  character  of  the  corona  was  to  be  studied  and 
photographed,  the  metal  cylinder  was  provided  with  a  longitudinal 
slot  and  the  whole  tube  placed  in  a  glass  cylinder.  Fig.  2  shows  a 
typical  tube  with  slot. 

The  voltages,  if  low,  were  measured  with  a  Braun  type  Kohl 
electrostatic  voltmeter,  and,  if  higher,  a  vertical  type  Kelvin  electro- 
static voltmeter,  having  ranges  of  5,000,  10,000,  and  20,000  volts,  was 
used.  Frequently  these  instruments  were  calibrated  by  means  of  an 
attracted  disk  electrometer.  In  computing  the  voltages  from  the  disk 
electrometer  the  end  correction  as  treated  by  Maxwell  (7)  was  applied. 

Currents  were  measured  by  means  of  a  d ' Arsonvaljgalvanometer 
and  an  Ayrton  universal  shunt.  These  were  calibrated  as  a  unit 
by  connecting  them  in  series  with  a  high  resistance  and  a  dry  cell,  the 
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voltage  of  which  had  previously  been  determined  by  means  of  a 
potentiometer.  The  voltage  of  llio  dry  eel]  was  determined  both  in 
open  circuit  and  on  elosed  circuit  with  the  smallest  series  resistance 
used  in  1  lie  calibration  placed  in  series  with  the  cell.  The  change  in 
terminal  voltage  due  to  the  current  flowing  was,  m  every  case,  found 
to  be  entirely  negligible. 

The  machines,  measuring  instruments,  and  corona  apparatus 
were  connected  as  is  shown  in  Fig.  3.  The  arrangement  of  the  connec* 
tions  made  so  that  the  corona  occurs  between  a  positive  wire  and  a 
grounded  coaxial  cylinder  will  be  referred  to  throughout  this  bulletin 
as  corona  with  "the  wire  positive"  or  as  "positive  corona."  Like- 
wise, when  the  connections  are  such  that  the  corona  occurs  between 
a  positive  tube  and  a  grounded  wire  (as  in  Fig.  3),  the  corona  will 
be  referred  to  as  corona  with  "the  wire  negative"  or  as  "negative 
corona." 
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CHAPTER  II 

General  Appearance  of  the  Corona  about  a  Wire  in  a  Cylinder 

As  the  voltage  across  the  corona  apparatus  is  gradually  raised, 
a  point  is  reached  when  a  marked  increase  in  the  current  occurs,  and 
a  further  increase  in  voltage  causes  the  current  to  increase  very 
rapidly.  The  voltage  at  which  this  sudden  increase,  indicated  by 
the  deflection  of  the  galvanometer,  occurs  is  called  the  "critical  volt- 
age." "Visible  glow  voltage"  means  the  voltage  at  which  the  light 
about  the  wire  first  appears.  The  visible  glow  voltage  may  be  identi- 
cal with,  or  higher  than,  the  critical  voltage. 

The  positive  and  negative  corona  have  entirely  different  appear- 
ances and  will  be  considered  separately. 

4.  Wire  Positive  in  Air. — For  all  pressures  and  sizes  of  wire  used 
a  uniform  purple  glow  surrounds  the  positive  wire.  The  wire  has  a 
tendency  to  vibrate  at  high  pressures  and  high  current  densities  as  is 
shown  by  a,  Fig.  4.  The  thickness  of  the  luminous  film  seems  to  be 
a  constant  for  all  current  densities  and  pressures,  the  intensity  or 
brilliance  of  the  discharge  only  varying  with  the  current  and  pres- 
sure.   Positive  corona  in  air  at  various  pressures  is  shown  in  Fig.  4. 

5.  Wire  Negative  in  Air. — With  the  wire  negative  the  appear- 
ance of  the  corona  is  changed  in  a  very  marked  degree  as  is  shown 
in  Figs.  4  and  5.  From  these  photographs  the  following  properties  can 
be  observed: 

(1)  With  a  constant  wire  diameter  and  decreasing  pres- 
sures the  discharge  gradually  changes  from  a  fairly  uniform 
luminous  mass  with  ragged  boundaries  to  a  beady  discharge  as 
is  shown  in  Fig.  5.  The  luminous  mass  is  shown  breaking  up 
into  beads  at  /  and  g,  Fig.  4 . 

(2)  For  a  constant  pressure  and  decreasing  wire  radii  the 
fairly  uniform  luminous  discharge  gradually  changes  to  the 
beady  discharge,  so  that  for  small  wires  (less  than  0.17  mm.  in 
diameter)  the  beady  discharge  occurs  at  all  pressures  between 


(a)    Wire-K  Pressure  747  mm.,  Volts  9110,  Amperes  11.8X10— * 


(b)  Wire—,  Pressure  747  mm.,  Volts  8850,  Amperes  12.0X10—5 


(c)   Wire+,  Pressure  427.0  mm.,  Volts  6795,  Amperes  0.60X10—3 


(d)  Wire—,  Pressure  427.0  mm.,  Volts  6350,  Amperes  7.11X10—3 


(e)  Wire+,  Pressure  229.0  mm.,  Volts  4680,  Amperes  6.72X10—3 


(g    Wire—,  Pressure  87.0  mm.,  Volts  2200,  Amperes  6.70X10—3 


(h)  Wire—,  Pressure  46.9  mm.,  Volts  1450,  Amperes  4.33X10—4 


1 


(/)  Wire—,  Pressure  229.0  mm.,  Volts  4265,  Amperes  6.60X10—3 


(i)  A.  C,  Pressure  747  mm.,  Volts  8180,  Amperes  6.65X10—5 

Fig.  4.     Visual  Characteristics  of  the  Corona  in   Arp 
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(a)  Wire—,  Pressure  119.3  mm.,  Volts  2500,  Amperes  0.327X10- 


(b)  Wise— ,  Pressure  119.3  mm.,  Volts  2800,  Amperes  1.03X10—4 


(c)  Wire—,  Pressure  119.3  mm.,  Volts  3160,  Amperes  2.23X10—4 


(rf)  Wire—,  Pressure  119.6  mm.,  Volts  3550,  Amperes  4.65X10—4 


(e)  Wire—,  Pressure  119.6  mm.,  Volts  3870,  Amperes  10.0X10—4 


(/)  Wire—,  Pressure  119.6  mm.,  Volts  4020,  Amperes  16.2X10—4 


Fig.  5.     Variation  of  the  Number  of  Beads  with  the  Potential  Difference 


(a)  Wire—,  Pressure  778.0  mm.,  Volts  3721,  Amperes  9.15X10—3 


(6)  Wire+,  Pressure  436.0  mm.,  Volts  3840,  Amperes  15.0X10—5 


(c)  Wire—,  Pressure  436.0  mm.,  Volts  2390,  Amperes  18.0X10—3 


(d)  A.  C.  Pressure  436.0  mm.,  Volts  2710,  Amperes  18.3X10—3 


(e)  Wire — ,  Pressure  391.0  mm.,  Volts  4585,  Amperes  3.57X10 — 3 


(.0  Wire+,  Pressure  234.5  mm.,  Volts  4500,  Amperes  21.3X10—5 


(g)  Wire—,  Pressure  234.5  mm.,  Volts  2025,  Amperes  1.76X10—3 


Fig.  6.    Corona  in  Hydrogen 
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atmospheric  and  50  mm.  of  mercury.  Under  certain  conditions 
of  pressure  and  voltage  these  negative  beads  or  brushes  distribute 
themselves  uniformly  along  the  wire  as  is  shown  in  Pig.  5.  For 
the  lowest  pressures  the  beads  consist  of  a  bright  cylindrical  core 
along  (lie  wire,  this  core  being  surrounded  by  a  narrow  dark 
space  and  enveloped  in  turn  by  a  purple  glow  of  relatively  large 
diameter.  For  increasing  pressures  the  central  core  contracts 
to  a  point  on  the  wire,  from  which  the  discharge,  spreads  out 
fanlike  in  a  plane  at  right  angles  to  the  wire.  For  still  higher 
pressures  the  fan  seems  to  close  and  finally  to  degenerate  to  a 
small  brush. 

(3)  The  number  of  brushes  varies  with  the  potential  dif- 
ference. That  the  number  of  brushes  is  a  function  of  the  poten- 
tial difference  is  shown  in  Fig  5.  Between  the  voltages  at  which 
the  arrangement  of  the  brushes  was  most  regular,  there  seemed 
to  be  a  transition  period  in  which  there  were  many  little  brushes 
in  addition  to  those  that  were  larger.  An  increase  of  voltage 
would  then  produce  a  set  of  full-sized  brushes. 

6.  Wire  Positive  in  Hydrogen. — With  the  wire  positive  and 
sizes  of  wire  less  than  0.405  mm.  in  diameter,  the  wire  is  surrounded 
by  a  thin  luminous  layer  which  is  essentially  uniform,  as  shown  at 
b,  Fig.  6.  As  the  size  of  the  wire  is  increased,  this  glow  becomes  more 
and  more  irregular.  At  first  there  are  spots  somewhat  brighter 
than  others.  For  a  wire  as  large  as  2.59  mm.  the  discharge  takes  the 
form  of  a  large  number  of  brushes  similar  to  the  point-discharge  in 
air.  It  has  been  impossible  to  obtain  satisfactory  photographs  of 
these  brushes.  They  are  closely  spaced  along  the  length  of  the  wire 
with  a  fairly  uniform  glow  between  them.  The  positive  discharge 
is  blue  in  color.  If  the  potential  is  increased  to  a  high  value,  a  bril- 
liant red  spark  will  pass  between  the  wire  and  the  tube.  This  spark 
is  followed  by  a  pale  blue  arc  having  incandescent  blue  spots  at  both 
ends.     These  arcs  are  illustrated  in  /,  Fig.  6. 

7.  Wire  Negative  in  Hydrogen. — The  typical  form  of  discharge 
with  the  wire  negative  is  shown  in  Fig.  6.  For  small  wires  and  large 
pressures  the  discharge  on  the  wire  consists  of  distinct  bright  beads 
with  well  defined  edges,  while  for  large  wires  and  small  pressures  it 
changes  to  a  more  fuzz}^  discontinuous  discharge.     As  the  potential 
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is  continually  increased  from  values  below  to  values  above  the  critical 
point,  the  first  evidence  of  a  breakdown  of  the  gas  around  the  wires 
of  small  radii  is  the  appearance  of  an  intermittent  flickering  glow 
which  changes  almost  immediately  with  the  change  of  potential  to 
a  number  of  flickering  unstable  bright  spots  on  the  wire.  For  wires 
larger  than  0.200  mm.  in  diameter  the  flickering  glow  does  not  form, 
but  the  beady  discharge  is  the  first  to  form  for  these  wires.  In  all 
cases,  however,  a  voltage  increase  causes  an  increase  in  the  number  of 
spots;  the  corona  current  gradually  increases  (a  time  element  enters 
in  the  building  up  of  the  current)  and  finally  a  stage  is  reached 
where  the  spots  condense  into  one  brilliant  bead.  The  formation  of 
this  bead  is  accompanied  by  an  extremely  rapid  increase  of  current 
and  a  correspondingly  large  and  rapid  drop  in  the  potential  across 
the  tube.  A  further  increase  in  voltage  causes  more  small  bright 
spots  to  form,  and  also  causes  an  increase  in  the  brilliancy  of  the 
bead.  The  newly  formed  spots  condense  into  a  second  bead  upon  a 
further  increase  in  voltage,  and  in  this  manner  the  number  of  beads 
and  the  current  increase  as  the  tube  voltage  is  increased. 

If  the  generator  voltage  is  now  decreased,  the  behavior  of  the 
corona  is  somewhat  different.  If  there  are  nine  beads  upon  the  wire, 
for  example,  they  will  persist  but  become  less  and  less  brilliant  until 
they  finally  collapse  into  one  or  two  beads.  It  seems,  therefore,  that 
with  increasing  voltage  the  beads  appear  one  by  one  until  the  maximum 
voltage  is  reached,  when  the  number  of  beads  is  also  a  maximum ;  but 
that  with  decreasing  voltage  the  beads  remain  on  the  wire  at  much 
lower  voltages  than  those  at  which  they  were  formed.  In  fact  they 
persist  until  a  change  in  number  takes  place  when,  not  only  one  but 
several  beads  disappear,  so  that  the  beads  remaining  again  increase 
in  brilliance,  and  a  considerable  lowering  of  the  voltage  is  necessary 
to  destroy  more  beads.  With  a  constant  number  of  beads  the  current 
increases  with  increasing  voltage.  The  bead  brilliancy  increases  also 
with  an  increase  of  current.  With  a  change  in  the  number  of  beads 
the  current  value  makes  a  sudden  change.  This  change  is  approxi- 
mately proportional  to  the  change  in  the  number  of  beads. 

Opposite  each  bead  for  practically  all  pressures  and  all  sizes  of 
wire  used,  there  is  a  number  of  bright  spots  on  the  tube.  The  number 
of  spots  varies  from  ten  to  twelve  for  small  wires  and  for  small  pres- 
sures to  many  hundred  for  large  wires  and  for  large  pressures. 

For  a  given  wire  and  a  given  pressure  the  nmnber  of  spots  de- 
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pendfl  upon  the  magnitude  of  the  corona  current.  If  only  a  few  spots 
exist,  they  will  be  grouped  together  around  the  side  of  the  bead 
nearest  the  tube,  but  when  the  current  is  large  the  spots  will  form  a 
hand  extending  entirely  around  the  tube  and  of  a  width  of  one  cen- 
timeter or  less.  These  spots  vary  in  color  from  pale  yellow  to  a 
milky  blue,  depending  on  the  pressure,  current,  and  size  of  wire. 
With  low  pressures  and  large  currents  these  spots  may  appear  as 
brilliant  green  fans  with  yellow  spots  where  they  touch  the  tube. 
The  green  color  ma}7  be  due  to  the  brass  tube  and  not  to  an  inherent 
property  of  the  hydrogen.  The  presence  of  these  spots  at  the  tube 
surface  seems  to  indicate  an  ionizing  gradient  in  this  region. 

The  predominating  color  of  the  various  discharges  through  hy- 
drogen is  blue,  which  ranges  from  a  light  silver  blue  to  sky  blue. 
The  exceptions  to  this  characteristic  blue  color  have  been  mentioned 
in  the  preceding  paragraph. 

8.  Alternating  Current  Corona  in  Air  and  Hydrogen. — When 
an  alternating  voltage  is  impressed  across  a  tube  filled  with  air,  the 
discharge  seems  to  be  a  combination  of  the  discharges  with  the  wire 
positive  and  with  the  wire  negative.  As  would  be  expected,  the 
beads  appear  during  the  half  cycle  when  the  wire  is  negative  and  the 
uniform  glow  appears  during  the  half  cycle  when  the  wire  is  positive. 
This  is  shown  in  i,  Fig.  4. 

When  alternating  current  is  applied  to  a  tube  filled  with  hydro- 
gen, the  discharge  always  appears  to  be  very  similar  to  that  observed 
when  the  wire  is  negative,  as  shown  clearly  in  d,  Fig.  6.  The  absence 
of  the  uniform  luminous  layer  between  the  beads  shows  that  the 
characteristic  positive  discharge  is  absent;  thus  either  partial  or  per- 
fect rectification  is  indicated.  The  absence  of  the  positive  discharge 
can  better  be  understood  after  studying  the  starting  points  of  the 
positive  and  negative  corona,  as  shown  in  the  curves  which  follow. 

If  the  alternating  voltage  is  sufficiently  increased  the  positive 
corona  discharge  forms,  and  finally  with  a  sufficient  increase  the 
positive  arc  is  produced.  That  the  arc  occurs  during  the  half  cycle 
in  which  the  wire  is  positive  can  be  verified  by  two  methods.  (1) 
By  watching  the  discharge  as  the  voltage  is  increased  to  the  arcing 
value,  one  observes  the  first  arc  to  be  a  reddish  color.  This  is  known 
to  be  the  positive  arc.  (2)  Oscillograms  show  that  the  change  in  cur- 
rent, indicating  the  start  of  the  arc,  occurs  from  a  positive  current  lobe. 
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CHAPTER  III 

The  Starting  Point  of  the  Corona 

For  engineering  purposes  it  is  important  to  know  the  factors 
which  affect  the  starting  point  of  the  visible  glow.  In  air,  of  a  given 
humidity,  the  starting  point*  is  mainly  a  function  of  two  variables: 
(1)  the  radius  of  the  wire,  (2)  the  pressure  of  the  air.  In  hydrogen 
the  first  few  investigations  disclosed  the  fact  that  the  starting  voltages 
were  erratic  under  apparently  similar  temperature,  pressure,  and  wire 
surface  conditions.  All  disturbing  elements,  except  possibly  a  time 
element,  seemed  to  be  eliminated ;  so  tests  were  made  to  determine  the 
effect  on  the  starting  voltage  of  a  variation  in  the  length  of  time  elaps- 
ing between  successive  readings.    Fig.  7  shows  the  results  of  a  repre- 
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*The    influence    of    humidity    and    temperature    upon    the    starting    point    will    be   dis- 
cussed in  Chapter  V. 
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sentative  test  of  this  type.  The  method  of  procedure  for  taking  the 
readings  for  this  test  was  as  follows:  The  circuit  was  closed,  corona 
was  started,  and  the  voltage  was  increased  to  a  value  sufficient  to  make 
the  current  reading  2.472  X  10— 4  amperes.     The  circuit  was  then 

opened,  and  the  time  of  opening  the  circuit  was  called  zero  time.  On<'- 
half  minute  later  the  circuit  was  closed  and  the  critical  voltage  value 
was  determined  as  soon  as  possible4.  After  this  determination  was  made, 
the  current  was  again  brought  to  2.472X10-4  amperes,  the  circuit 
opened  and  the  new  time  was  called  zero  time.  A  critical  voltage 
determination  wras  made  one  minute  later.  This  process  was  continued 
until  a  definite  conclusion  concerning  the  variation  of  critical  voltage 
with  time  was  reached.  As  a  direct  consequence  of  this  test  all  deter- 
minations of  critical  voltages  in  hydrogen  were  made  only  when 
enough  time  had  elapsed  after  breaking  the  corona  circuit  to  insure 
a  resumption  of  normal  conditions. 

Experiments  were  also  conducted  to  determine  whether  or  not 
the  starting  voltage  was  different  for  the  two  following  cases:  (1) 
when  the  voltage  was  gradually  increased  in  value  until  the  critical 
value  was  reached,  and  (2)  when  the  full  voltage  was  suddenly 
thrown  across  the  tube.    No  appreciable  difference  was  found. 

In  addition  to  this  time  element  the  starting  point  of  the  visible 
glow  in  hydrogen  also  depends  upon  the  radius  of  the  wire  and  the 
pressure  of  the  gas.  In  the  next  two  sections  the  variations  of  the 
glow  voltage  with  these  factors  are  discussed. 

9.  Glow  Volts — Radius  Curves. — Fig.  8  gives  curves  showing 
the  variation  of  the  glow  voltages  with  the  radius  of  the  wire  when 
air  and  hydrogen  formed  the  dielectric.  In  the  air  curves  the  data 
for  points  representing  wrires  of  very  small  radii  were  taken  from 
voltage-ampere  curves  for  silver  and  tungsten  wures.  The  data  for 
the  rest  of  the  points  were  taken  from  the  characteristic  voltage- 
ampere  curves  for  copper  as  reproduced  in  this  bulletin.  The  silver 
wire  used  was  really  silver  wire  with  a  platinum  core,  known  as 
"Wollaston  wire."  It  wras  used  both  in  its  original  state,  diameter 
0.0517  mm.,  and  with  some  of  the  silver  dissolved  off;  thus  the  wires 
used  were  of  average  diameters  0.027  and  0.037  mm.  The  tungsten 
wire  was  that  used  in  25-watt  lamps.  The  diameters  of  the  very  small 
wires  were  obtained  by  the  use  of  a  microscope  fitted  with  a  stage 
ruled  with  parallel  lines. 
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Fig.  8.     Variation  of  the  Glow  Voltages  with  the  Eadius  of  the  Wire 

From  the  air  curves  the  following  conclusions  can  be  drawn: 


(1)  For  the  smaller  wires,  the  negative  glow  appears 
before  the  positive. 

(2)  For  the  larger  wires, the  positive  glow  appears  before 
the  negative. 

(3)  The  diameter  of  wire,  0.075  mm.,  serves  as  a  dividing 
line  between  these  two  groups.  Shaffers  has  noted  similar  data 
which  when  plotted  show  a  crossing  of  the  curves  for  the  start- 
ing points  of  the  positive  and  negative  corona,  but  he  gives 
0.01  cm.  as  the  wire  radius  to  separate  the  two  groups.    He  does 
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not  specify  what  ne  considered  as  the  starting  point  of  the  nega- 
tive corona,  and  it  is  accordingly  not  practical  to  compare  his 
value  with  that  shown  in  the  air  curves. 

The  hydrogen  curves  show:  (1)  that  the  critical  voltage  for 
hydrogen  is  very  much  less  than  that  for  air,  (2)  that  for  any 
particular  size  of  wire  and  any  given  pressure  the  negative  start- 
ing voltage  is  much  less  than  the  positive  voltage.  It  is  seen  that  for 
most  of  the  range  of  wires  used  the  opposite  is  true  for  air. 

10.  Glow  Volts — Pressure  Curves. — Fig.  9  gives  curves  show- 
ing the  variation  of  critical  voltages  with  the  pressure.  In  these  ex- 
periments only  one  wire  was  used  when  the  tube  was  filled  with  air 
but  each  of  two  wires  was  successively  used  when  the  tube  was  filled 
with  hydrogen. 

These  curves  show  that  in  both  air  and  hydrogen  for  a  single  size 
of  wire,  an  increase  in  the  gas  pressure  requires  an  increase  in  the 
voltage  necessary  to  start  the  corona  discharge.     These  curves  also 
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show:  (1)  that  the  positive  critical  voltage  for  air  is  lower  than  the 
negative  critical  voltage,  while  for  hydrogen  the  negative  critical 
voltage  is  the  less;  (2)  that  for  a  constant  pressure  and  size  of  wire 
the  critical  voltage  in  hydrogen  is  much  lower  than  the  critical  voltage 
in  air. 

11.  Starting  Point  Expressed  in  Terms  of  Electric  Intensity 
as  a  Function  of  Radius  and  Pressure. — The  electric  intensity,  e, 
at  the  surface  of  the  wire,  subject  to  a  potential,  V,  coaxial  with  a 
cylinder  at  zero  potential,  is  given  by  the  following  equation : 


e  = 


a  logg 


(1) 


a 


where  a  =  radius  of  the  wire, 

b  =  radius  of  the  cylinder. 

Thus  if  V,  a,  and  b  are  known,  e  can  be  computed.  A  sample 
table  showing  glow  voltage  and  computed  electric  intensity  as  a  func- 
tion of  the  radius  of  the  wire  in  air  is  given  in  Table  1.  While  with 
increasing  radius  the  glow  voltage  increases,  the  electric  intensity,    e, 


at  the  surface  of  the  wire  decreases, 
graphically. 


Fig. 


10  shows  this  relation 


Table  1 

Critical  Difference  of  Potential  to  Cause  Continuous  Glow  as 
Function  of  Radius  of  Wire 


1 

2 

3 

4 

5 

6 

7 

R  cm. 

V  + Volts 

E  +Volts 

E+Vclts 

V— Volts 

E— Volts 

E— Volts 

per  cm. 

Calcul. 

per  cm. 

Calcul. 

0.00135 

2720 

2.74X105 

2.62X105 

2520 

2.52X105 

2.55X105 

0.002185 

3380 

2.58 

2.29 

3230 

2.45 

2.23 

0.0023 

3500 

2.25 

2.09 

3300 

2.08 

2.04 

0.00258 

3630 

2.12 

1.99 

3500 

2.02 

1.94 

0.00386 

4060 

1.66 

1.67 

4060 

1.66 

1.65 

0.00678 

5140 

1.31 

1.34 

5320 

1.36 

1.33 

0 . 00825 

5710 

1.25 

1.25 

6140 

1.21 

1.21 

0.012 

6600 

1.07 

1.09 

6840 

1.09 

1.09 

0.013 

7180 

1.07 

1.06 

7660 

1.14 

1.06 

0.0205 

8900 

0.93 

0.91 

9370 

0.99 

0.92 

0.0325 

10880 

0.80 

0.79 

11440 

0.83 

0.80 

0.0385 

11850 

0.77 

0.75 

12400 

0.79 

0.76 

0.0512 

13500 

0.71 

0.69 

14120 

0.73 

0.71 

0.0642 

14700 

0.65 

0.65 

15220 

0.64 

0.64 
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Fig.  10.    Critical   Electric  Intensity  at  the  Surface  of  the  Wire  as   a 

Function  of  the  Wire  Radius 


Peek  has  found  that  the  following  law,  connecting  electric  in- 
tensity and  radius,  holds: 


e=A  + 


B 


Va 


(2) 


where  A  and  B  are  constants  and  a  is  the  radius  of  the  wire.  The 
data  in  columns  3  and  6  of  Table  1  were  obtained  by  substitution 
in  equation  (1)  and  columns  4  and  7  by  substitution  in  the  empirical 
law  represented  by  equation  (2).  By  comparing  columns  3  and  4, 
and  6  and  7,  one  sees  that  for  the  smallest  wires  there  are  deviations 
from  this  formula.  These  deviations  occur  probably  because  the 
critical  voltage  and  the  glow  voltage  differ  from  each  other,  and  be- 
cause there  is  possibly  a  distortion  of  the  field  due  to  ionization  before 
the  glow  begins.    For  the  data  given  it  is  found  that  for  the  positive 
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wire  A  =  31.6  X  103,  B  =  8.47  X  103 ;  and  for  the  negative  wire 
A  =  35.0  X  103,   B  =  8.06  X  103. 

In  hydrogen  the  relation  between  electric  intensity  and  the  wire 
radins  follows  equation  (2)  only  approximately,  and  then  only  for 
wires  whose  radii  fall  within  the  limits  from  0.1  mm.  to  1.0  mm., 
and  for  gas  pressures  ranging  from  100  mm.  of  mercury  to  atmos- 
pheric pressure.  For  wires  of  diameters  larger  than  1.0  mm.,  the 
ratio  of  the  radius  of  the  wire  to  the  radius  of  the  tube  becomes  com- 
paratively small  and  the  discharge  phenomena  change  their  charac- 
ter until  with  a  No.  8  wire,  3.23  mm.  in  diameter,  corona  does  not 
form  at  any  pressure. 

From  the  curves  showing  the  relation  between  the  critical  voltage 
and  the  pressure,  found  by  computing  the  electric  intensity,  curves 
could  be  drawn  showing  the  relation  between  electric  intensity  and 
pressure. 

Such  curves  taken  from  data  with  hydrogen  can  be  represented 
nearly  accurately  by  another  one  of  Peek's  formulas. 

€  =€0  P  +  CV^"         •         •      '    •         •  •         •'       (3) 

where  e  =  critical  electric  intensity  at  wire, 

p  =  pressure  in  percentage  of  atmospheric  pressure, 
e0  and  c  =  constants. 
These  two  laws  of  Peek  can  be  combined  into  the  one  equation: 

e  =  eoV(\  +    ~) (4) 

V  <ap) 

where  e0  and  D  are  constants,  and  a  and  p  have  the  significance  given 
to  them.  For  both  air  and  hydrogen  it  has  been  found  that  this  law 
represents  the  facts  only  very  approximately,  especially  is  this  state- 
ment true  for  large  wires  and  low  gas  pressures.  In  hydrogen  the 
critical  and  glow  voltages  have  identical  values  for  all  sizes  of  wire  and 
pressures  studied. 

12.  Theoretical  Considerations. — Several  attempts  have  been 
made  to  give  theoretical  explanations  of  the  corona  discharge.  No 
theory,  however,  has  succeeded  in  explaining  all  the  phenomena.  In 
many  cases  the  theory  of  spark  discharge  has  been  applied  to  the 
corona.     Spark  and  corona  are,  however,  different  phenomena.     In 
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the  spark  there  is  no  distinction  bet  ween  positive  and  negative;  where- 
as this  distinct  ion  in  the  corona  is  very  necessary.  In  order  to  start 
a  spark  a  hig'h  potential  difference,  as  a  rule,  is  required;  but  as  soon 
as  the  spark  strikes,  the  potential  difference  falls  to  a  very  small 
value.  This  is  not  the  case  for  the  corona  in  air;  moreover  when  the 
corona  is  started  one  has  to  raise  the  potential  difference  a  great  deal 
before  a  spark  or  rather  an  arc  appears  completely  across  the  gas 
between  the  electrodes.  In  the  case  of  the  spark  the  striking  potential 
difference,  V,  depends  only  on  the  pressure,  p,  of  the  gas  and  the  dis- 
tance, d,  between  the  electrodes : 

V  =  Cpd 

where  C  is  a  proportionality  factor.  This  law  is  found  by  the  follow- 
ing consideration.     Suppose  that  there  are  a  few  electrons  present  in 

V 

the  gas  in  the  natural  state.     If  an  electric  force,  e  =  -=■,  is  applied, 

and  if  X  is  the  average  distance  between  successive  collisions  of 
an  electron  with  a  molecule,  then  this  distance,  X,  must  be  such  that 
the  force,  e,  has  time  enough  to  impart  to  the  electron  the  energy,  Ec, 
required  to  ionize  the  molecule ;  hence 

Ec        V       T/      Ec  A 

but  X,  the  distance  between  ionizing  collisions,  is  inversely  pro- 
portional to  the  pressure  of  the  gas ;  hence  V  =  C.  d.  p,  or  the  striking 
potential  difference,  V,  is  constant  if  p.  d  is  constant.  The  spark  de- 
pends only  on  the  properties  of  the  gas,  especially  on  the  mass  of  the 
gas  between  the  two  electrodes,  but  it  is  independent  of  the  electrodes. 
The  apparent  law  of  the  corona  discharge  is  quite  different.  The 
electric  force,  e,  which  must  be  applied  in  order  to  start  the  corona 
discharge  depends  not  only  on  the  pressure  of  the  gas  but  also  on 
the  radius  of  the  wire  approximately  according  to  the  expression 

e  =  e0  p(  1  + 


V/g, 

B 


or   for    constant    pressure :   e  =  A  -f- 

V/? 

For  small  wires  a  relatively  strong  electric  force  is  required.    A  later 
chapter  will  show  that  not  only  the  radius  of  the  central  wire  but  also 
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its  mechanical  and  chemical  properties  affect  the  initial  discharge. 
At  all  events  in  the  negative  corona  it  seems  as  if  the  electrons  were 
supplied  in  part  by  the  metal  and  not  only  by  the  gas. 

A  partial  explanation  of  the  last  formula  can  be  given  as  follows : 
assume  that  in  the  neighborhood  of  the  wire  in  a  layer  of  constant 
thickness,  8,  a  certain  constant  energy  is  required  for  the  beginning 
corona,  different  for  positive  and  negative  electricity;  in  fact  the 
splitting  up  of  the  molecules  into  ions  and  the  emission  of  light  re- 
quire energy.  When  a  sufficient  amount  of  energy  is  supplied,  the 
breaking  down  of  the  dielectric  accompanied  by  the  luminous  corona 
will  occur.  The  thickness,  5,  of  the  luminous  layer  seems  nearly 
independent  of  the  radius  of  the  wire.  In  the  neighborhood  of  the 
wire,  the  electric  force,  e,  assumes  large  values  so  that  the  polari- 
zation is  also  large  and  an  opposing  electric  force,  e0,  of  polari- 
zation will  be  created,  so  that  the  resultant  electric  force  is  equal 
to  e  —  €0.  If  k  is  the  dielectric  constant,  Ri,  the  radius  of  the  wire, 
then  the  energy,  E19  per  unit  length  in  a  layer  of  thickness,  5, 
around  the  wire  is : 

E1=^-2irR1d(e-eor 


J4:E1 


If  Ei,  k,  and  5   are  constant,  then 


-«0+\ 


-— ^ —  i      the   law   which   approximately 

k  o      "\ln>i 

represents  these  observations. 

The  principle  of  similarity  is  now  applied  to  two  tubes,  T  and  T'h 
where  the  linear  dimensions  are  in  the  constant  ratio  of  1 :  z,  so  that 

V 
R'i=Riz;  R'l^Rtf;   then  e±  =  — 


e'i  =  — 257-    =  — =r—  =  — ?    provided   the  potential    dif- 


R\  log  ^-2       Rx  z  log  g 
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ference,  V,  is  the  same  in  both  tubes.     The  diseharge  will  start  under  the 

same  potential  difference  if  p' =—  ;    then   for  the  mean  free  paths 

in    both    tubes   the   relation    is:    X'  =  \z   and  for  the  time  intervals, 

V  and  t  respectively,  between  two  successive  collisions:    t'  =  t  z. 

At  any  two  corresponding  points  such  as  A  and  A'  the  electric  forces 

are: 


e  = 


ez 


.2   > 


2~2 


r'z 


because  it  is  assumed  that  at  any  moment  the  distribution  and 
movement  of  the  ions  in  the  tubes  are  exactly  similar,  hut  that  the  total 
numbers  are  in  the  ratio  of  1:  z;  hence 


e'\'  =  —\z  =  e\ 

z 


e  X   is,   however,    the   work   done   by  the   electric   field   during   the 
motion   of  an  ion  over  a  mean  free  path ;  if  after  this  mean  free 
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path  the  next  collision  results  in  ionization,  it  will  do  so  in  corres- 
ponding points  of  both  tubes.      Moreover 

e'l  R\  =  —RiZ  =  e!  R±  and 

z 

p'  R\  =-R\z  —  p  Ri;  hence 

if  ei^i    is   kept   constant,    then    p  R\  remains  constant;  or  tiRi  is 

only  a  function  of  pR^     If  ex  —  e0  -\ — ==  ,  then 

V  Ri 

Ci  Rx  =   e0  R±  .l.H — ,  ,  for  p  =  1. 

But   if  Ri.l.    is   kept    constant    and   is   equal   to   RiP,    then    ex  R1 
remains  constant;  hence 

bRip 
e1R1=  e0R1p  +  —==,  or 

6 


f^=")» 


a  rule  approximately  verified  at  least  by  experimental  measurements 
in  air. 
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CHAPTER  IV 

Characteristic  Curves 

A  characteristic  curve  for  the  corona  discharge  shows  graphi- 
cally the  relation  between  the  voltage  across  the  tube  and  the  result- 
ant current.  Such  curves  will  be  considered  in  the  following  para- 
graphs for  air  and  hydrogen  at  various  pressures. 

13.  Ampere-V  oltage  Characteristic  Curves  for  Air  at  Atmospheric 
Pressure. — It  was  found  that  the  currents  flowing,  when  the  voltages 
were  below  the  critical  voltage,  were  negligible;  consequently  the  fol- 
lowing tests  were  started  at  a  voltage  somewhere  near  the  critical 
voltage.  For  each  voltage  the  deflection  of  the  galvanometer  was 
read  for  both  polarities  of  the  wire. 

The  presence  of  dirt  or  dust  particles  on  the  wire,  when  negative, 
has  a  marked  effect  upon  the  discharge.  Often  a  spot  or  two  on  the 
wire  would  glow  long  before  the  wire  as  a  whole  was  luminous.  Be- 
cause of  this  fact  there  is  no  definite  critical  voltage  as  in  the  positive 
polarity,  for  the  initial  jump  of  the  deflection  is  much  a  matter  of 
chance.  As  the  voltage  is  increased,  however,  there  occurs  a  critical 
voltage  at  which  a  flickering  glow  can  be  seen  along  the  wire  prelimi- 
nary to  the  spreading  of  the  discharge  from  a  few  spots  over  the  whole 
wire.  This  phenomenon  occurs  at  a  definite  voltage  for  a  given  size 
wire  and  it  is  this  voltage  which  is  given  in  the  tables  under  "visible 
glow"  for  the  negative  polarity. 

Fig.  12  shows  the  characteristic  curves  and  critical  voltage  for 
copper  wires  of  diameters  ranging  from  0.41  mm.  to  1.28  mm. 

A  study  of  these  data  shows  the  following  facts: 

(1)  For  the  smaller  wires,  the  critical  voltage  is  con- 
siderably lower  than  the  glow  voltage,  and  a  fairly  large  current 
exists  before  a  luminous  discharge  occurs.  This  statement  ap- 
plies to  wire  positive. 

(2)  The  smallest  wire,  for  which  there  is  no  current  for 
wire  positive  before  glow  appears,  is  0.135  mm.  diameter. 

(3)  For  wires  larger  than  0.135  mm.  diameter,  current  and 
glow  appear  simultaneously,  for  wire  positive. 
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(4)  For  wires  about  No.  26  and  larger  the  current  and  the 
visible  glow  appear  simultaneously,  as  a  general  rule,  for  the 
negative  polarity. 

14.  Characteristic  Curves  in  Air  at  Reduced  Pressures. — It  was 
discovered  that  a  change  in  the  pressure  of  the  air  in  the  corona  ap- 
paratus had  a  marked  effect  upon  the  current  caused  by  a  given 
voltage;  thus  it  was  determined  to  obtain  characteristic  curves  at 
reduced  pressures  for  different  wires.  From  such  data  it  was  hoped 
that  the  current  readings  for  the  different  sizes  of  wire  might  be  re- 
duced to  a  760  mm.  basis.  A  series  of  characteristic  curves  was, 
therefore,  taken  for  different  pressures  with  dry  air  in  the  tube. 
Fig.  13  shows  these  results  for  No.  26  copper  wire.  These  curves  show 
a  marked  increase  in  the  current  for  a  relatively  small  decrease  in 
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the  pressure.    The  curves  also  show  an  unsymmetrical  spacing  which 
suggests  the  presence  of  some  disturbing  factor. 

In  a  number  of  preliminary  experiments  it  was  found  to  be  im- 
possible to  repeat  observations  if  the  tube  was  closed  and  the  air  not 
changed.  In  order  to  eliminate  any  disturbing  effects  due  to  moist- 
ure in  the  air  and  possible  changes  in  the  constitution  of  the  air  in  the 
tube,  an  arrangement  was  devised  for  supplying  dry  air  which  could 
be  pumped  through  the  tube  out  into  the  atmosphere.  The  air  was 
dried  by  being  passed  through  wash  bottles  containing  sulphuric  acid 
and  then  through  a  tube  containing  soda-lime.  Fig.  14  shows  the  re- 
sults when  No.  40  wire  was  used.  These  curves  show  a  regular  effect 
of  pressure  which  is  larger  for  the  negative  than  for  the  positive 
corona.    This  regularity  seems  to  indicate  that  the  discordant  results 
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obtained  in  the  preliminary  experiments  were  due  to  the  presence  of 

other  factors  rather  than  mere  change  of  the  pressure. 

To  determine  the  effect,  if  any,  of  confining  air  in  a  closed  tube 
upon  the  coronal  current  a  series  of  tests  was  run  under  constant 
pressure  with  various  conditions  as,  for  examples,  the  closing  of  the 
tube,  the  renewal  of  the  air.  The  erratic  results  which  followed 
showed  no  evident  relations  and  indicated  that  confinement  of  the 
air  has  a  great  effect  upon  the  coronal  current  and  also  upon  the 
critical  and  visible  glow  voltages.  Such  an  effect  does  not  appear 
strange  when  one  thinks  of  the  ozone,  and  possibly  other  products 
formed  which,  when  the  tube  is  closed,  must  remain  inside  and  thus 
change  the  character  of  the  gas  to  a  considerable  extent.  It  must 
be  concluded  from  these  tests  that  it  is  unsafe  to  compare  results 
obtained  in  a  closed  tube  with  those  obtained  where  there  is  a  plenti- 
ful supply  of  fresh  air. 

15.  Characteristic  Curves  in  Hydrogen  at  Atmospheric  and 
Reduced  Pressures. — Some  characteristic  curves  for  positive  corona 
in  hydrogen  are  given  in  Figs.  15  and  16.  The  most  remarkable 
points  about  these  characteristics  are: 

(1)  The  marked  difference  between  the  critical  voltage  and 
the  voltage  at  which  corona  ceases. 

(2)  The  difference    between  the  points  taken  with  increas- 
ing and  those  taken  with  decreasing  current. 

This  persistence  of  corona  at  voltages  less  than  that  necessary 
to  start  the  discharge  has  not  been  observed  with  air  and  continuous 
potentials.*  If  there  is  any  such  difference  for  air,  its  magnitude  is 
certainly  very  much  less  than  with  hydrogen. 

This  difference  between  the  critical  voltage  and  the  voltage  at 
which  corona  is  maintained  may  be  explained  by  the  change  in  the 
electric  intensity  (volts  per  centimeter)  at  the  surface  of  the  wire 
after  the  corona  has  formed.  This  change  of  intensity  is  caused  by  the 
space  charge  due  to  the  positive  and  negative  ions  in  the  space  be- 
tween the  wire  and  the  tube.  That  such  a  distortion  of  the  electric 
field  exists  will  be  shown  later.     The  difference  between  the  critical 


•See  Bennett,  A.  I.  B.  E.,  Proc.  Vol.  32,  Part  II,  p.  1796,  1913,  for  alternating  potentials. 


40 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


32t 

10 

Pressure  in  mm. 

of  f7ercury 
Curve-A-    30/. 3 
Curve- O-    395.7 
Curve -C-     603d 
Curve -D-     7060 

3000 

2800 

26*. 

?0 

L 

'1 

2400 

1 

1 

<T> 

2200 

| 

1 

1 

2000 

A 

B 

1 

1800 

i 

\ 

^ 

I 

~j_ 

c 

$ 

1600 

I 

I 

I 

K 

£ 

~t 

1 

1400 

I 

I 

/200 

1_ 

1 

/OOO 

800 

\ 

600 

I 

\\ 

1 

J 

\\ 

If 

1 

| 

400 

200 

t  / 

t 

/ 

1  / 

1 

i 

t 

0 

J 

1 

J 

0 

2 

■ 

4 

6 

8 

10 

Difference  in  Fofentia/  in  /fi/ovo/is 
Fig.  15.     Characteristic  Curves  for  No.  14  E.  and  S.  Gage  Copper  Wire 
in  Hydrogen  for  Various  Pressures,  Wire  -j- 


<  OfeOttA  DISCHARGE 


41 


A 

Xt 

10 

Pressure  //?  mm. 

of  Mercury 
Curve- A-       44.0 
Curve -B'     /02.4 
Curve- C-     207.7 
Curi/e  -D-     322.6 
Curve  E-     435.2 
Curve  E-     53Q.0 
Curve -Q-     634.0 
Curve -h/-     746.0 

\C 

30L 

w 

2800 

26j 

10 

24t 

70 

2200 

B 

20l 

10 

n 

1800 

D 

£ 

r 

\ 

1 

0 

1600 

\ 

I 

I 

J 

1 

I4C 

0 

1 

i 

■ 

/200 

J 

\ 

1 

/OOO 

J 

1 
I 

1 

1 

1 

800 

1 
1 

1 

/ 

1 

1 

/ 

1 

600 

1 

I 

\ 

J 

1 

1 

1 

J 

II 

l 

// 

\h 

1 

_// 

400 

1 

1 

f 

I 

// 

i 

1 

// 

1! 

i 

i 

1 

200 

1 
i 

/ 

1 

I 

.1 

1 

/,, 

/, 

1 
1  J 

k 

/ 

1 

\l 

it 

0 

I!' 

/' 

/    1 

I  / 

A 

V 

f 

i 

A 

jT 

0 

<e 

4 

6 

<? 

/# 

O/fference  fn  f^ofenf/o/  //?  Hf/ovo/ts 

Fig.  16.     Characteristic  Curves  for  No.  20  B.  and  S.  Gage  Copper  Wire 
in  Hydrogen  for  Various  Pressures,  Wire  -f- 


42  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

voltage  and  the  voltage  at  which  the  discharge  ceases  is  not  detected 
unless  all  sources  of  irregular  ionization,  such  as  rough  spots  on  the 
wire,  high  intensity  where  the  wire  passes  through  the  glass,  etc.,  are 
eliminated. 

Other  properties  of  the  characteristic  curves  are : 

(3)  For  a  given  voltage  the  current  increases  with  a  de- 
crease of  density  of  hydrogen. 

(4)  For  a  given  voltage  the  current  increases  with  a  de- 
crease in  wire  diameter. 

(5)  The  characteristic  curve  is  very  nearly  parallel  with 
the  current  axis  so  that  a  small  change  in  potential  produces  a 
very  great  change  in  current. 

(6)  As  soon  as  the  copious  ionization  stage  is  reached,  the 
current  rises  to  a  high  value.  For  wires  as  large  as  No.  8  the 
current  increases  immediately  to  arcing  values.  As  the  size  of 
the  wire  is  decreased  the  initial  jump  diminishes  until  with  a 
No.  32  wire  (0.200  mm.  in  diameter)  at  atmospheric  pressure 
the  current  rises  to  a  value  of  the  order  of  10  -  4  amperes. 

(7)  With  a  single  size  of  wire  and  varying  pressures,  the 
initial  current  rise  diminishes  with  a  decrease  in  pressure. 

Characteristic  curves  for  negative  corona  for  various  pressures 
and  two  sizes  of  wire  are  given  in  Figs.  17  and  18.  The  full  line 
curves  represent  stable  conditions  and  a  constant  number  of  beads. 
The  number  of  beads  on  any  particular  curve  may  be  determined  by 
noting  the  small  number  adjacent  to  the  curve.  In  the  small  wire 
it  will  be  noticed  that  the  shape  of  these  characteristics  depends  to 
a  large  extent  upon  the  gas  pressure. 

With  the  smaller  wire  (No.  36  diameter  .0121  mm.)  the  corona 
seemed  to  start  in  each  case  with  a  number  of  very  small  bright 
points  on  the  wire.  Usually,  however,  the  negative  corona  started 
with  an  unstable  flickering  glow  along  the  wire.  With  an  increase 
of  voltage  the  current  gradually  increased  until  a  point  was  reached 
where  the  small  bright  spots  combined  into  one  negative  bead  of  the 
kind  described  in  Chapter  II.  This  change  in  formation  was  accom- 
panied by  a  large  increase  in  current  and  by  a  drop  in  the  potential 
difference  between  the  wire  and  the  tube.  This  drop  in  potential 
difference  across  the  tube  was,  in  a  certain  sense,  due  to  the  resistance 
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in  series  with  the  corona  tube.  The  increased  current  taken  by  the 
tube  causes  a  higher  drop  through  the  series  resistance.  This  in- 
creased drop  stabilizes  tin4  corona  discharge  and  prevents  the  indefi- 
nite increase  of  currenl  which  might  result  if  there  were  no  resist- 
ance in  the  circuit.  The  gaps  in  the  curves  represent  unstable  con- 
ditions. An  increase  in  the  generated  voltage  caused  an  increase  in 
the  corona  current,  which  was  accompanied  by  either  an  increase 
or  a  decrease  of  the  voltage  between  the  wire  and  the  tube  depending 
on  the  size  of  wire  and  the  gas  pressure. 

It  may  be  noticed  that  for  the  lower  pressures  the  characteristics 
are  similar  to  the  usual  arc  characteristic.  The  discharge,  however, 
was  not  that  of  the  arc.  The  arc  formed  if  the  machine  voltage  was 
sufficiently  increased.  This  increase  was  accompanied  by  a  further 
drop  in  the  voltage  between  the  wire  and  tube  and  an  entire  change 
in  the  general  appearance  of  the  discharge. 

The  study  of  the  negative  characteristics  leads  to  the  following 
conclusions : 

(1)  For  larger  wires  the  curves  for  a  constant  number  of 
beads  have  positive  slopes  at  all  pressures  above  100  mm. 

(2)  For  a  given  wire  and  gas  pressure  the  curves  become 
more  nearly  parallel  with  the  current  axis  as  the  current  in- 
creases in  value. 

(3)  For  a  given  number  of  beads  and  a  constant  pressure 
the  maximum  possible  voltage  variation  is  approximately  a  con- 
stant, whatever  the  number  of  beads. 

(4)  With  a  constant  radius  and  a  decreasing  pressure  the 
curves  revolve  in  a  counter-clockwise  direction  about  their  lower 
points  until  their  slopes  change  from  positive  to  negative  values. 
The  discharges  become  unstable  at  the  point  of  infinite  slope 
and  resemble  the  arc  discharge  in  so  far  as  this  property  is  con- 
cerned. 

(5)  With  a  constant  pressure  and  decreasing  radius  the 
critical  electrical  intensity  decreases,  and  the  slopes  of  the  curves 
approach  negative  values. 

(6)  In  all  cases,  as  the  voltage  is  gradually  increased 
through  the  critical  value,  the  beads  form  one  by  one,  the  current 
values  at  any  time  being  approximately  proportional  to  the  num- 
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ber  of  beads.    The  initial  current  values  never  became  excessive 
as  they  do  with  the  positive  corona  discharges. 

(7)  For  a  given  voltage  the  current  increases  with  a  de- 
crease of  gas  density  and  also  for  a  decrease  of  wire  radius. 

(8)  The  greater  the  number  of  beads  on  the  wire  the 
greater  the  current  change  per  unit  change  of  potential. 

(9)  For  all  but  the  smallest  wire  studied  the  first  corona 
discharge  takes  the  form  of  beads.  For  the  smallest  wire  the 
first  discharge  at  pressures  below  200  mm.  of  mercury  takes  the 
form  of  a  flickering  unstable  glow  traveling  along  the  wire.  This 
glow  condenses  to  small,  flickering,  and  unstable  beads  upon  a 
slight  potential  increase.  These  flickering  beads  persist  until 
currents  of  the  order  of  10  — 4  amperes  are  obtained ;  then  they 
condense  to  the  ordinary  bead  discharge. 
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CHAPTER  V 

Additional  Factors  Affecting  the  Starting  Point  and  the 

Corona  Current 

The  characteristic  and  starting  point  curves  show  the  effect  upon 
the  corona  current  of  varying  the  radius  of  the  wire  and  the  pressure 
of  the  gas.  Tn  addition  to  these  the  following  variables  also  affect 
the  current. 

16.  Moisture. — The  effect  of  moisture  has  been  studied  only 
when  air  was  the  dielectric.  An  arrangement  was  devised  whereby 
air  could  be  drawn  from  the  room  through  the  tube.  The  humidity 
of  such  air  was  given  by  calculation  from  the  readings  of  wet  and 
dry  bulb  thermometers.  Parallel  sets  of  readings  of  the  current  flow- 
ing when  dry  air  was  pumped  continuously  through  the  tube  and 
when  air  from  the  room  was  sucked  through  before  each  reading  were 
taken  from  day  to  day.  The  results  are  shown  in  Fig.  19.  These 
curves  indicate  a  regular  effect  due  to  moisture,  with  a  tendency  for 
the  decrease  of  current  by  humidity  to  be  greater  for  negative  polarity 
of  the  wire.  The  decrease  of  current  by  the  presence  of  moisture  is 
well  known;  so  these  results  agree  with  present  knowledge. 

To  determine  whether  the  presence  of  moisture  in  the  air  has  an 
effect  upon  the  critical  voltage,  a  test  was  run  as  follows  under  a  pres- 
sure of  736  mm.  and  humidity  68.5  per  cent.  Air  was  drawn 
from  the  room  through  the  tube,  and  the  voltage  was  noted  at 
which  the  initial  jump  of  the  galvanometer  occurred  for  wire  posi- 
tive. The  positive  glow  voltage  and  the  negative  glow  voltage  were 
then  determined.  Then  dry  air  was  pumped  through  the  tube  and  the 
same  measurements  were  taken.    The  results  were : 

Wet  Air         Dry  Air 

Positive  critical   voltage    4300  4190 

Positive  glow  voltage    4350  4260 

Negative  glow  voltage  4275  4370 

The  effect  of  moisture  apparently  is  to  raise  slightly  the  starting 
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point  of  the  positive  corona,  bnt  the  reverse  is  true  for  the  negative 
polarity. 

The  appearance  of  the  discharge  is  also  affected  by  moisture, 
when  the  wire  is  negative.  With  moist  air  in  the  tube,  the  discharge 
begins  with  dim  spots,  and  the  discharge  is  of  no  clearly  denned 
nature,  being  a  mixture  of  sections  of  continuous  glow  and  bright 
spots  which  are  immobile. 
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The  effect  of  moisture  on  the  appearance  of  the  negative  dis- 
charge was  shown  by  the  following  experiment :  The  tube  was  filled 
with  moist  air,  and  a  voltage  somewhat  above  the  critical  value  was 
impressed.  A  mixed  discharge  resulted  as  was  described  in  the  pre- 
ceding paragraph ;  then  a  current  of  dr}^  air  was  started  through  the 
tube,  and  little  by  little  the  discharge  cleared  up  and  resolved  itself 
into  a  line  of  uniformly  spaced  brushes  which  were  in  continual  agi- 
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tation.     When  moist  air  was  again  admitted,  the  discharge  resumed 
its  former  character. 

With  moist  air  in  the  tube  and  a  fairly  high  potential  difference 
the  wire  vibrates  circularly  for  both  polarities,  and  describes  a  tor- 
pedo-like figure  of  revolution.  The  filling  of  the  tube  with  dry  air 
diminishes  considerably  the  amplitude  of  the  vibration  for  wire  posi- 
tive and  stops  the  vibration  entirely  for  wire  negative. 

17.  Temperature. — The  influence  of  temperature  upon  the  cur- 
rent for  a  No.  36  copper  wire  in  a  closed  tube  under  a  pressure  of 
760  mm.  was  determined  for  the  temperatures  15  degrees  C.  and  25 
degrees  C.  The  results  appear  in  Fig.  20.  The  lower  temperature 
was  obtained  by  placing  cloths  wet  with  alcohol  upon  the  tube  and 
directing  a  stream  of  air  from  a  fan  upon  it.  The  curves  indicate 
that  this  difference  of  temperature  makes  a  far  greater  difference  in 
the  current  for  wire  negative  than  for  wire  positive,  both  currents 
showing  an  increase  for  higher  temperature  as  might  be  expected. 

18.  The  Nature  of  the  Surface  of  the  Wire  and  the  Metal  of 
the  Wire. — The  fact  that  the  starting  point  of  the  negative  corona 
was  influenced  by  dust  particles  on  the  wire  suggested  that  a  careful 
study  should  be  made  of  the  corona  from  different  surfaces  and  from 
different  wires :  It  was  decided  to  use  wires  having  polished,  corroded, 
and  mechanically  abrased  surfaces.  The  results  will  be  shown  in  the 
following  paragraphs: 

(1)  In  the  preparation  of  the  polished  surfaces  care  was  taken 
in  choosing  wires  without  kinks  or  surface  scratches.  These  wires  were 
polished  with  fine  emery  cloth  and  finished  with  chamois  and  jeweler's 
rouge  just  before  they  were  placed  in  the  tube. 

The  abrased  surfaces  were  prepared  by  rolling  the  wire  in  emery 
powder  between  two  hard  plane  surfaces.  Care  was  taken  to  have 
the  surfaces  abrased  uniformly  over  the  whole  length. 

The  corroded  surfaces  were  prepared  by  different  methods.  The 
surface  of  the  steel  wire  was  corroded  by  a  solution  of  nitric  acid, 
which  made  a  black  surface.  The  aluminum  wire  was  corroded  by 
allowing  it  to  remain  in  a  solution  of  sulphuric  acid  for  a  few  days. 
The  result  was  a  thin  white  coating.  For  copper  it  was  necessary  to 
oxidize  the  surface  by  passing  a  heating  current  through  the  wire  in 
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the  presence  of  oxygen.  Since  ozone  is  produced  by  the  corona  dis- 
charge in  air,  the  silver  wire  was  coated  witli  a  layer  of  silver  peroxide 
by  allowing  the  corona  to  play  on  the  wire  for  some  time. 

(2)     The  results  of  starting  voltages  for  different  surfaces  and 
wires  are  shown  in  Tahle  2. 

Table  2 

Comparison  of  Starting  Voltages  for  Different  Surfaces  and  Wires 
All  wires  about  0.41  ram.  diameter 

Copper 


Polished 

Abrased 

Corroded 

Press, 
mm. 

Wire 

-                  + 
Volts. 

Press, 
mm. 

Wire 

-                 + 
Volts. 

Press, 
mm. 

Wire 

-                  + 
Volts. 

50 

252 
731 

1  700 

2  650 
6  010 

1  780 

2  600 
5  760 

53.2 
253 
743 

1  680 

2  550 
5  600 

1  820 

2  800 
6  200 

50.3 
250 

1  650 

2  010 

1  660 

2  500 

Steel 


51.6 
252.4 
727.6 

1  710 

2  600 
5  660 

1  710 

2  600 
5  960 

52.2 
253.2 
736 

1  690 

2  770 
4  560 

1  740 

2  770 
5  830 

52.3 
252 
739.4 

1  750 

2  550 
4  810 

1  700 

2  710 
5  760 

Aluminum 


50 
251 
741.1 

1  760 

2  820 
5  880 

1  720 

2  900 

6  180 

52 
251.5 
741 

1  660 

2  490 
5  010 

1  800 

2  900 
5  800 

51.9 
252 
745.3 

1  240 

2  370 
4  680 

1  690 

2  660 

5  880 

Silver 


53.2 
252.1 
744.8 

1  850 

3  150 

4  210 

1  820 
3  050 
6  130 

52.3 
252.2 
743.2 

1  730 

2  600 
5  060 

1  740 

2  900 
5  850 

52.5 
252.2 
746 

1  850 
3  150 

5  760 

1  780 
3  000 
6  320 

The  results  shown  in  this  table  can  be  discussed  for  each  of  the  sur- 
face conditions  of  the  wire,  and  for  each  condition  three  pressures 
will  be  considered. 

(3)  The  general  appearance  of  the  corona  is  the  same  for  all 
polished  positive  wires  and  differs  only  slightly  for  negative  wires  at 
different  pressures.  At  pressures  of  nearly  50  mm.  when  the  poten- 
tial is  brought  up  to  the  glow  potential,  wire  positive,  a  very  faint 
flashing  glow  appears  over  the  whole  length  of  the  wire  and  becomes 
uniform  and  steady  as  the  potential  is  raised  slightly.  The  potential 
may  be  carried  up  to  the  arcing  point  without  changing  the  gen- 
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eral  appearance  of  the  uniform  glow.     The  only  noticeable  change 
is  an  increase  in  the  brightness  of  the  bluish  glow. 

For  pressures  of  50  mm.  and  for  negative  wire,  the  first  appear- 
ance of  the  corona  is  a  flashing  glow,  similar  to  that  for  positive  wire 
but  of  much  greater  diameter  and  brightness.  Increasing  the  potential 
causes  this  glow  to  remain  steady  on  the  wire,  to  become  uniform  and 
to  be  very  bright.  Very  little  current  flows  until  a  stage  is  reached 
not  far  above  the  starting  point,  where  the  bright  uniform  glow  breaks 
into  large,  clear,  characteristic,  negative  beads.  The  current  then 
increases  rapidly  with  the  potential.  As  the  potential  is  increased  the 
beads  increase  in  number  but  remain  large  and  well  defined. 

For  the  polished  surfaces  and  with  a  pressure  of  50  mm.  the 
negative  corona  on  copper  begins  at  a  lower  potential  than  the  posi- 
tive. Corona  appears  at  the  same  potential  for  both  polarities  in 
steel,  but  for  aluminum  and  silver  the  positive  glow  begins  at  the 
lower  potential.  Table  2  shows  no  general  law.  With  the  exception 
of  the  silver  wire  at  a  pressure  of  746  mm.  the  starting  potential  for 
the  corroded  wire  is  smaller  for  both  polarities  than  for  the  polished 
wire.  For  the  negative  abrased  wire  the  starting  point  is  in  general 
lower  than  for  the  polished  wire  with  only  two  exceptions.  With  the 
exception  of  silver  the  starting  point  of  the  abrased  positive  wire  is 
higher  than  that  of  the  polished  wire.  With  increasing  pressure  the 
differences  involved  by  abrasion  and  corrosion  diminish.  The  largest 
influence  is  found  for  aluminum  wire,  negative  corroded  at  51  mm. 

For  pressures  of  nearly  250  mm.  the  glow  for  wires  positive  is  the 
same  as  for  pressures  of  50  mm.,  being  uniform  and  increasing  in 
brightness  as  the  potential  increases.  For  wires  negative  and  pol- 
ished it  is  almost  impossible  to  break  the  glow  up  into  clear-cut  beads 
at  this  pressure.  With  increasing  potential  the  glow  becomes  brighter 
and  condenses  at  certain  ill-defined  points,  apparently  attempting  to 
form  beads,  but  these  condensed  regions  move  rapidly  back  and  forth 
along  the  wire. 

For  atmospheric  pressure,  wires  polished  and  positive,  the  glow 
appears  faint  but  uniform  and  increases  in  brightness  as  the  poten- 
tial is  increased.  For  negative  wires  a  faint  flashing  glow  appears 
at  break-down  potentials  and  increases  in  brightness  with  the  poten- 
tial increase.  A  very  few  scattered  beads  form  at  times,  but  they  are 
small   and  unstable  with  very  rapid   lateral    motion.      This   motion 
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increases  in  amplitude  and  speed  willi  increasing  voltage.  Clear  cu1 
heads  over  the  whole  wire  are  impossible  here  as  in  the  hist  case. 

(4)  With  wire  surface  mechanically  abrased  or  roughened  and 
pressure  of  50  mm.,  the  positive  glow  begins  with  faint  flashes  as 
with  the  polished  surfaces;  then  becomes  steady  and  uniform 
ami  increases  in  brightness  as  the  potential  is  increased.  The 
starting  glow  voltage  is  in  general  higher  than  for  the  positive 
polished  wires,  and  is  also  higher  than  for  the  abrased  negative 
wires.  For  wires  abrased  and  negative  the  corona  begins  with  bright 
flashes  of  a  fuzzy  glow,  part  of  which  may  have  one  or  two  large 
flashing  beads.  This  flashing  glow  seems  to  pulsate  in  synchronism 
with  the  impulses  of  the  driving  machinery.  A  slight  potential  in- 
crease above  the  first  noticeable  glow  causes  the  glow  to  break  into 
well-defined  beads  which  soon  become  steadj^  and  clear  and  which 
increase  in  number  with  a  potential  increase.  The  negative  starting 
voltage  for  abrased  wires  is  lower  than  for  the  polished  surfaces. 

For  wires  abrased  and  pressure  of  250  mm.  the  positive  visual 
glow  is  the  same  as  for  pressure  of  50  mm.  The  positive  starting 
potential  is  in  general  higher  than  for  the  negative  abrased  and  also 
positive  polished  surfaces.  The  negative  glow  voltage  causes  very 
faint  "spears"  or  small  brushes  of  light  to  flash  from  sharp  points 
here  and  there  on  the  rough  surface.  These  spears  increase  in  size 
and  number  with  increased  potential,  some  being  much  brighter  than 
others.  As  the  potential  is  increased  these  spears  unite  into  definite, 
clear  beads  which  at  times  may  be  very  steady  and  at  other  times  may 
have  more  or  less  violent  lateral  movements.  The  negative  starting 
voltage  for  abrased  surfaces  is  much  smaller  than  for  the  polished 
surfaces. 

At  atmospheric  pressures  the  positive  glow  on  the  abrased  wire 
surfaces  usually  begins  with  a  few  small  flashing  purple  streamers 
or  brushes  extending  from  the  wire  almost  to  the  tube.  These  stream- 
ers are  similar  in  appearance  to  the  positive  fans  and  to  the  streamers 
emitted  from  the  surface  of  the  enamel  covered  wire,  Figs.  21  and  22. 
These  streamers  increase  in  brightness  and  are  accompanied  by  a  soft 
glow  as  the  potential  is  increased.  After  a  certain  increase  in  the 
voltage  has  taken  place,  these  streamers  disappear  and  on]y  the  uni- 
form glow  remains  and  increases  in  brightness. 

For  the  abrased  negative  wire  at  atmospheric  pressure  the  corona 
starts  with  small  flashing  spears  the  same  as  for  the  abrased  wire  at 
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250  mm.  These  spears  increase  in  number  very  rapidly  with  an  in- 
crease in  voltage,  some  of  them  collecting,  so  to  speak,  into  small 
bright  beads  and  then  breaking  up  again.  As  the  potential  continues 
to  increase,  the  beads  become  more  steady  and  definite,  so  that  at 
times  the  abrased  wire  may  be  covered  with  many  small,  bright,  steady, 
and  evenly  spaced  beads. 

(5)  The  positive  visual  corona  for  corroded  surfaces  is  essenti- 
ally the  same  for  all  pressures  as  has  been  described  for  the  abrased 
surfaces.  At  low  pressures  it  begins  with  a  faint  flashing  glow  which 
becomes  steady  and  uniform  and  which  increases  in  brightness.  At 
pressures  of  250  mm.  the  appearance  is  the  same  as  described  for  the 
abrased  surfaces,  and  for  atmospheric  pressure  the  corona  may  start 
with  the  small  purple  brushes  or  fans  and  an  accompanying  flow, 
the  fans  soon  disappearing  and  the  glow  becoming  uniform  and  in- 
creasing in  brightness.  The  positive  glow  generally  begins  at  lower 
voltages  for  the  corroded  surfaces  than  for  the  polished  surfaces. 

The  negative  visual  corona  for  the  corroded  surfaces  is  likewise 
similar  to  that  for  abrased  surfaces  at  different  pressures.  Clear  cut 
and  steady  beads  are  obtained  at  the  lower  pressures  but  are  not  so 
stable  for  the  higher  pressures.  In  general  the  negative  starting 
voltage  is  lower  than  for  polished  surfaces. 

(6)  In  order  to  show  a  few  results  photographically  a  wire  hav- 
ing one-third  of  its  length  polished,  one-third  corroded,  and  one-third 
mechanically  abrased  was  placed  in  a  tube  with  a  longitudinal  slot, 
and  photographs  were  taken  when  the  corona  was  on  the  wire.  Fig. 
21  contains  photographs  of  the  negative  wire,  the  left  end  being 
abrased,  the  center  polished,  and  the  right  end  chemically  corroded. 

These  photographs  show  that  the  beads  begin  on  the  polished 
surface,  that  the  corroded  surface  shows  no  glow,  and  that  the  abrased 
surface  has  only  a  slight  brush  discharge  on  it.  The  beads  on  the 
polished  surface  are  very  large,  clear,  steady,  and  evenly  spaced. 
Fig.  21,  &  shows  the  effect  of  a  slight  increase  in  voltage  where  the  glow 
now  appears  on  the  corroded  surface  and  the  beads  begin  to  form  on 
the  abrased  surface.  Gradually  increasing  the  voltage  and  the  pres- 
sure as  well  causes  the  glow  to  become  brighter  on  the  polished  sur- 
face and  the  beads  to  increase  in  number  on  the  abrased  and  cor- 
roded surfaces.  The  beads  on  the  abrased  portion  have  a  lateral  move- 
ment, while  those  on  the  polished  part  are  still  very  steady  and  clear. 
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With  a  still  greater  increase  in  pressure  and  voltage  it  is  possible 
to  reach  a  condition  where  the  whole  length  of  the  wire  is  covered 
with  clear,  steady,  and  evenly  spaced  beads  (Fig.  21,  c).  Here  it 
seems  that  the  surfaces  all  act  very  nearly  the  same  in  the  formation 
and  building  of  the  corona  discharge. 

When  the  pressure  is  increased  to  370  mm.  and  the  voltage  is 
sufficiently  high  to  produce  the  discharge,  the  corona  starts  first  on 
the  abrased  portion  and  only  on  this  part  can  steady,  clear  beads  be 
obtained  (See  Fig.  21,  e).  The  beads  on  the  corroded  part  are  fairly 
well  defined,  but  they  are  in  an  agitated  state.  Under  these  conditions 
it  is  found  impossible  to  get  steady  beads  on  the  polished  part  of  the 
wire ;  instead  of  the  clear  beads  there  is  a  rather  knobby  glow  on  the 
wire,  the  condensations  in  which  seem  to  be  beads  trying  to  form. 

This  reversal  of  the  phenomena,  the  clear  beads  forming  on  the 
polished  surface  at  low  pressures  and  on  the  abrased  surface  at  high 
pressures  as  shown  in  Fig.  21,  actually  occurred  for  steel  wire.  The 
corona  starts  first  on  the  polished  wire  for  low  pressure  and  begins 
on  the  abrased  or  corroded  wire  at  much  lower  potentials  for  high 
pressures. 

An  enameled  german  silver  wire  was  fitted  into  the  tube  after  half 
of  its  length  had  been  freed  from  the  enamel  and  polished.  At  low  pres- 
sures for  the  positive  wire  the  characteristic  glow  appeared  on  the 
polished  end.  The  enameled  end  had  several  small  starlike  spots  of 
light  which  were  irregularly  distributed  and  which  appeared  at  points 
where  the  insulation  had  failed.  Keeping  the  wire  positive  and  in- 
creasing the  voltage  caused  very  bright  "streamers"  of  purple  light 
to  shoot  from  a  few  of  these  small  stars.  At  higher  pressure  and 
higher  voltage  these  streamers  increased  greatly  in  number,  the  glow 
spreading  out  into  a  thin  fan-shape.  This  fan  slowly  oscillated  about 
the  bright  spot  on  the  wire  as  a  center.  Between  the  fans  a  hazy 
fog-like  glow  was  present.  When  an  arc  was  placed  in  series  with 
the  wire  and  the  tube,  this  fog  disappeared  and  the  fans  became  more 
sharply  defined  and  steadier  than  they  were. 

For  the  wire  negative  (see  Fig.  22,  e)  it  was  not  possible 
under  any  conditions  to  get  the  characteristic  negative  beads  nor 
could  a  glow  be  produced  on  the  polished  end.  The  only  discharge 
present  was  on  the  enameled  end  and  was  similar  in  appearance  to 
the  small  stars  for  the  positive  wire.  For  the  negative  wire,  how- 
ever, the  stars  were  intensely  bright  and  in  slight  movement.     Fig. 
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22  shows  the  appearance  of  the  discharge  from  the  enameled  wire 
when  it  is  both  positive  and  negative.  Fig.  23  gives  details  of  the 
structure  of  the  positive  purple  fans.  For  the  enameled  wire  ne<:;i- 
tive  the  starting  potential  was  much  lower  than  for  the  opposite 
polarity. 

(7)  The  curves  in  Pig.  24  are  taken  for  varying  sizes  and  differ- 
ent surfaces  of  copper  wire. 

In  e,  Fig.  22,  the  surprising  fact  is  shown  that  the  negative 
discharge  passes  through  the  enameled  part  of  the  wire,  while  the 
free  metal  surface  shows  no  trace  of  a  glow.  The  curves  show 
that  the  effect  of  abrasion  in  general  lowers  the  starting  point 
for  copper  wires  at  atmospheric  pressure.  The  curves  for  the 
negative  abrased  wire  are  widely  displaced  from  those  of  the  pol- 
ished wire ;  thus  it  is  shown  more  current  flows  in  the  corona  dis- 
charge for  the  same  voltage  for  wire  abrased  than  for  the  smooth  wire. 
The  curves  showing  the  discharge  for  the  positive  abrased  wire  quickly 
cross  those  for  the  polished  wire  and  then  continue  to  rise  slightly  dis- 
placed, less  current  flowing  for  the  same  potential  abrased  than  for 
polished.  The  abrased  surface  has,  thus,  the  effect  of  restraining  the 
flow  of  the  positive  current. 

The  effect  of  abrasion  is  much  greater  in  the  negative  than  in 
the  positive  current.  The  curves  also  show  that  this  effect  is  greater 
for  the  larger  wires,  as  might  be  expected.  The  higher  starting- 
potential   for  the   larger   wires   is   also   evident. 

The  negative  current  builds  up  very  slowly  at  first  on  the  pol- 
ished surface  but  finally  reaches  a  point  where  it  builds  up  much 
faster  than  the  positive,  and  at  this  point  the  beads  are  formed.  The 
starting  voltage  for  the  abrased  surface  negative  is  much  lower  than 
for  polished  surface  negative.  The  characteristic  curve  of  the  abrased 
wire  is  a  smooth  rising  one  which  eventually  crosses  the  polished 
negative  curve  for  large  current  values.  This  same  phenomenon  has 
been  observed  for  different  metals. 

Fig.  25  gives  the  characteristic  positive  and  negative  curves  for 
aluminum  wires  at  about  50  mm.,  and  shows  the  effect  of  the  three 
surface  conditions, — namely,  polished,  abrased,  and  corroded.  The 
starting  positive  wire  voltage  for  the  smooth  surface  is  slightly  lower 
than  that  of  the  negative,  but  the  curves  cross  low,  the  positive  cur- 
rent building  up  slowly  with  increased  potential  while  the  negative 
curve  is  almost  a  straight  line  which  rises  very  rapidly.    The  positive 
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starting  potential  is  higher  for  the  abrased  surface  than  for  the 
polished,  while  that  for  the  negative  abrased  surface  is  lower.  The 
negative  polished  and  abrased  surface  curves  cross,  but  the  positive 
do  not.  For  the  corroded  surface  the  positive  glow  voltage  is  about 
the  same  as  for  the  polished  surface,  the  curve  for  the  former  condi- 
tion becoming  displaced  shortly,  less  current  flowing  for  the  same 
voltage.  The  negative  starting  potential  is  very  much  lower  in  the 
latter  case  than  that  for  the  polished  surface,  but  crosses  at  a  low 
current  value  and  rises  to  the  right,  less  current  flowing  for  the  same 
potential. 

Thus  it  is  seen  that  the  surface  condition  has  a  very  marked 
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effect  on  the  starting  point  of  the  corona  as  well  as  on  the  character- 
istic curves.  All  the  wires  were  about  0.41  mm.  in  diameter.  In 
general  the  abrased  surface  has  the  effect  of  lowering  the  starting 
potential  for  negative  wire  and  raising  it  for  positive  wire.  The  start- 
ing point  for  both  positive  and  negative  corona  in  the  case  of  corroded 
wires  is  in  general  lower  than  that  for  the  polished  surfaces,  but  the 
corroded  surface  characteristics  behave  in  rather  an  erratic  manner, 
sometimes  being  displaced  in  one  way  and  sometimes  in  the  opposite. 

Table  3  gives  a  comparison  between  the  corroded  and  polished 
wire  characteristics  for  both  positive  and  negative  surfaces  at  dif- 
ferent pressures. 

The  curves  in  Fig.  26  show  a  comparison  between  the  character- 
istics of  different  metals.  Very  marked  differences  are  evident  in  the 
characteristic  curves  and  show  directly  that  the  metal  itself  has  a 
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Comparison  of  Corroded  with  Polished  Wire  Characteristics 
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pari  to  play  in  the  corona  formal  ion.  The  positive  and  negative 
characteristics,  especially  for  aluminum,  become  widely  separated  for 
large  currents.  The  curves  for  the  other  metals  separate  at  different 
rates  for  increasing  current  values,  but  in  such  a  manner  that  each 
metal  behaves  in  its  own  characteristic  way. 

Slight  differences  in  the  starting  points  for  the  different  metals 
were  noticed ;  these  differences,  however,  are  of  such  a  nature  that 
they  cannot  be  explained  as  being  experimental  errors.  Steel  and 
copper  seem  to  have  about  the  same  starting  point,  while  that  for 
aluminum  is  a  little  higher  and  silver  has  a  value  still  greater.  The 
different  metals  not  only  affect  the  behavior  of  the  characteristic 
curves  but  also  the  starting  points  of  the  corona  glow. 

The  formation  and  number  of  the  negative  beads  depend  not 
only  on  the  pressure  and  potential,  but  also  on  the  surface  condition 
and  the  material  of  the  wire.  The  current  per  bead  is  larger  for  the 
abrased  and  corroded  surfaces  than  for  the  polished  surface,  with  the 
assumption  that  the  whole  current  is  to  be  carried  by  the  beads.  For 
an  increase  in  pressure  it  is  also  seen  that  the  current  per  bead  is 
much  less  for  the  polished  surface  than  for  the  others,  but  the  beads 
are  smaller  in  size.  For  the  higher  pressures  it  takes,  however,  a 
larger  voltage  to  produce  the  same  number  of  beads.  For  the 
lower  pressures  the  beads  have  about  the  same  degree  of  stability 
for  all  the  different  surfaces,  while  for  higher  pressures  the  beads 
are  more  stable  on  the  abrased  or  corroded  surfaces  than  on  the 
polished,  it  being  almost  impossible  to  get  definite  beads  on  the 
polished  wire  for  atmospheric  pressures. 

The  number  of  beads  increases  rapidly  with  increasing  voltage. 
Here  again  the  effect  of  the  materials  is  compared.  For  the  produc- 
tion of  the  same  number  of  beads  it  takes  in  general  a  greater  voltage 
on  the  steel  than  on  the  copper  and  aluminum  wires. 


64 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


CHAPTER  VI 

Alternating   Current   Rectification 

19.  Suggested  by  a  Comparison  of  the  Air  and  Hydrogen 
Characteristic  Curves. — Fig.  9  shows  that  the  discharges  through  air 
and  hydrogen  were  very  similar  in  so  far  as  the  variation  between 
critical  voltage  and  radius  and  pressure  are  concerned.  The  curves 
in  Fig.  27  show  clearly  the  difference  between  the  corona  in  air  and 
in  hydrogen.     The  two  curves  on  the  left  side  of  the  figure  refer  to 


I 


1 

26 

24- 

22 

20 

18 

i6 

14 

12 

lO 

— 

8 

fiyc 

1rog 

enC 

luri/ 

-es 

-/ 

6 

/+ 

4 

/lir 

Cur 

ves 

2 

0 

£. 

> 

+s 

t 

^*\> 

3 

/ 

? 

/ 

z 

\ 

Difference  in  fbfent/o/  in  tf/'/oi/o/fo 
Fig.  27.    Comparison  of  Corona  in  Air  and  Hydrogen  under  Similar 

Conditions 


CORONA  DISCHARGE  (>") 

hydrogen,  while  the  curves  on  the  right  show  results  obtained  with 
air.  The  data  for  these  curves  were  obtained  with  wires  of  approxi- 
mately the  same  diameter.  These  curves  show  two  distinct  differ- 
ences between  corona  in  air  and  in  hydrogen. 

In  air  the  positive  corona  starts  at  a  lower  voltage  than  the  nega- 
tive, while  the  reverse  is  true  when  the  dielectric  is  hydrogen.  The 
other  and  more  important  difference  is  the  entire  dissimilarity  of  the 
positive  and  negative  curves  with  hydrogen.  This  difference  has 
not  been  found  with  air.  A  single  glance  at  this  curve  shows  that 
corona  in  hydrogen  between  a  wire  and  a  tube  is  an  effective  means 
of  accomplishing  rectification.  This  statement  is  true  since  large 
currents  may  be  obtained  from  a  negative  wire  with  voltages  which 
will  give  little  or  no  current  from  a  positive  wire.  This  rectification 
may  be  accomplished  with  the  wire  cold  and  is  not  a  case  of  rectifica- 
tion by  means  of  a  hot  cathode.  The  principal  of  electron  emission 
from  a  hot  cathode  might  be  used,  however,  in  connection  with  the 
corona  rectification. 

20.  Description  of  Apparatus  and  Tests. — To  show  that  recti- 
fication was  possible  the  corona  tube  was  connected  to  an  alternating 
source  of  voltage.  A  sensitive  oscillograph  element  was  connected 
directly  in  series  with  the  corona  tube  and  another  element  was  con- 
nected across  the  primaries  of  the  transformers.  A  diagram  of  the 
connections  is  shown  in  Fig.  28. 

21.  Oscillograms  and  Their  Interpretation. — Fig  29  gives  the 
current  and  voltage  curves  when  an  alternating  voltage  is  impressed 
across  a  corona  tube.  The  curve  having  both  positive  and  negative 
lobes  represents  the  voltage.  The  non-symmetrical  character  of  this 
curve  is  due  to  the  drop  in  the  resistance  in  series  with  the  prima- 
ries of  the  transformers.  The  curve  lying  mainly  below  the  axis 
represents  the  current  flowing  between  the  wire  and  tube.  The  part 
of  this  curve  slightly  above  and  slightly  below  the  axis  is  of  the  same 
shape  and  order  of  magnitude  as  the  charging  current  of  the  con- 
denser formed  by  the  wire  and  cylinder.  This  fact  was  determined 
by  an  oscillogram  taken  at  a  voltage  slightly  less  than  that  necessary 
to  form  corona. 

The  voltage  at  which  negative  corona  starts,  as  shown  in  this 
oscillogram,  is  approximately  twice  the  voltages  across  the  tube  at  the 
instant  that  the  discharge  ceases. 
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The  rectification  with  corona  in  hydrogen  is  practically  perfect  as 
is  shown  by  the  oscillograms  in  Figs.  29  and  30. 

In  an  investigation,  interrupted  by  the  World  War,  J.  W.  Davis 
has  shown  that  alternating  currents  may  be  perfectly  rectified 
up  to  42,000  volts  made  effective  by  means  of  the  corona  in  hydrogen. 
The  rectification  is,  however,  not  of  very  high  efficiency  as  a  large  part 
of  the  energy  is  transformed  into  heat  in  the  corona  tube.  For  a 
given  gas  pressure  the  maximum  voltage  which  may  be  rectified  or, 
in  other  words,  the  voltage  at  which  the  arc  sets  in  between  the 
coaxial  cylinders  is  nearly  directly  proportional  to  the  radius  of  the 
outer  cylinder,  when  the  radius  of  the  inner  cylinder  is  small  com- 
pared with  that  of  the  outer  cylinder.  In  order  to  improve  the  ef- 
ficiency of  the  rectification  the  central  wire  was  heated.  An  incan- 
descent wire  gave  rise  to  the  corona  discharge  at  voltages  much  lower 
than  those  necessarj'  to  start  a  discharge  from  a  cold  wire.  The  initial 
state  of  ionization  around  the  wire  has  a  very  marked  effect  on  the 
critical  corona  voltage.  When  the  central  wire  is  heated  to  incandes- 
cence and  then  the  high  voltage  applied,  the  temperature  of  the  wire 
will  change  very  much,  especially  towards  the  ends  where  the  wire 
appears  almost  dark,  while  in  the  middle  the  temperature  may  fall 
to  that  of  dull  red  heat.  This  fall  of  temperature  is  undoubtedly  due 
to  the  wind  set  up  in  the  corona.  Fig.  31,  from  Davis'  unpublished 
paper,  will  show  a  rectification  at  42,000  volts. 
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CHAPTER  VII 

Distribution  of  Potential  in  the  Corona  Tube 

In  order  to  develop  any  complete  corona  theory  a  knowledge  of 
the  distribution  of  the  potential  between  the  electrodes  is  necessary. 
The  distribution  of  potential  between  the  wire  and  the  coaxial  cyl- 
inder was  investigated  in  the  following  manner. 

22.  Method,  and  Apparatus. — A  hole  was  drilled  in  the  side  of 
a  cj'linder,  and  an  insulated  wire  terminating  in  a  bare  spherical  tip 
was  arranged  so  that  it  could  be  moved  radially  between  the  wire 
and  the  tube.  A  micrometer  microscope  directed  on  a  fixed  point  of 
the  movable  wire  served  to  determine  the  relative  position  of  the 
point.  An  electrostatic  voltmeter  of  small  capacity  was  connected 
in  series  with  the  exploring  point  and  the  tube. 

When  the  point  was  moved  to  any  position  in  the  radial  field, 
the  voltmeter  quickly  showed  a  constant  deflection  and  indicated  that 
the  potential  of  the  point  was  in  equilibrium  with  that  of  the  field 
at  that  particular  place.    By  moving  the  exploring  point  from  the  tube 
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to  the  wire  and  observing  the  voltmeter  readings  at  certain  intervals, 
one  obtained  a  comparatively  accurate  estimate  of  the  intensity  of  the 
field.  The  apparatus  and  connections  are  shown  in  Fig.  32.  The  tube 
used  in  this  investigation  was  35.5  cm.  long  and  7  cm.  in  diameter. 
The  wire  was  copper,  well  polished,  and  stretched  tightly.  In  all, 
four  wires  were  used,  No.  40,  No.  32,  No.  28,  No.  20,  B.  &  S.  gage. 
Since  it  was  necessary  to  work  at  pressures  lower  than  atmospheric, 
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a  glass  tube  was  scaled  over  ilic  exploring  rod  and  arranged  willi 
ground  points  and  springs  so  thai  the  point  might  move  at  will  with- 
out destroying  the  constant  pressure. 

23.  Results  Obtained. — By  this  method,  curves  were  taken  for 
various  pressures  and  voltages  after  the  appearance  of  the  corona. 
Representative  curves  are  shown  in  Pig.  33,  and  the  conditions  under 
which  each  curve  was  taken  are  given  in  Table  4. 

For  the  smaller  wires  it  was  found  difficult  to  obtain  data  for 
curves  when  the  wire  was  negative,  because  the  voltmeter  would  not 
come  to  rest  and  give  a  definite  reading.  For  a  No.  32  wire,  when  the 
wire  was  negative,  two  curves  shown  in  Fig.  33 C  were  taken  before 
the  corona  appeared,  also  a  portion  of  a  curve  for  a  voltage  at  which 
there  was  a  distinct  series  of  beads  along  the  wire. 

Curves  were  also  obtained  for  No.  28  and  No.  20  wire  when  the 
wires  were  negative,  the  same  general  characteristics  being  exhibited 
in  each. 

Curve  4,  Fig.  3372,  shows  the  distribution  of  potential  as  given 
by  electrostatic  theory.  This  theory  assumed,  of  course,  that  there 
are  no  charges  in  motion  in  the  gas :  that  is,  that  there  is  no  current. 
It  is  seen  that  the  actual  distribution  is  very  different  from  what  it 


Table  4 
Table  of  Data  for  Curves 


Figure 

Curve 

Wire 

B.  &  S. 

Gage 

Voltage 

I  Amperes 

P  Mm.  of  Hg. 

Temp. 
C. 

| 

Remarks 

334 

1 

32 

6  510 

4.17.10—8 

747 

25° 

No  glow 

2 

32 

6  825 

1.91.10—6 

747 

26° 

Distinct  glow 

3 

32 

7  425 

1.91.10—5 

747 

26° 

Good  glow 

4 

32 

8  400 

5.94.10—5 

747 

26° 

Good  glow 

5 

32 

9  900 

9.54.10—5 

747 

26° 

Bright  glow 

33B 

1 

32 

6  825 

1.91.10—6 

747 

26° 

Distinct  glow 

2 

32 

6  825 

2.03.10—4 

241 

24° 

Bright  glow 

3 

32 

6  825 

3.46.10—4 

885 

24° 

Brilliant  glow 

4 

32 

6  825 

Electrostatic 

curve 

33C 

1 

32 

5  050 

1.79.10—8 

744 

26° 

No  glow 

2 

32 

5  650 

2.39.10—6 

744 

26° 

A  few  dull  beads 

3 

32 

7  250 

3.10.10—5 

744 

26° 

Beads  1  cm.  apart 

.    33Z> 

1 

40 

4  520 

4.77.10—8 

740 

22° 

No  glow 

2 

40 

4  700 

1.19.10—6 

740 

22° 

Distinct  glow 

3 

40 

6  500 

2.26.10—5 

740 

22° 

Good  glow 

4 

40 

8  400 

8.29.10—5 

740 

22° 

Good  glow 

5 

40 

9  900 

1.67.10—4 

740 

22° 

Brilliant  glow 

6 

40 

8  400 

Electrostatic 

curve 
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would  be  if  there  were  no  current.     The  detailed  discussion  of  the 
curves  will  be  considered  under  the  two  polarities. 

In  general  for  the  positive  wire  the  space  between  the  anode  and 
the  cathode  may  be  broken  up  into  four  regions : 

(1)  A  region  immediately  surrounding  the  wire,  which 
is  characterized  by  a  very  large  potential  gradient.  This  gradi- 
ent may  be  due  to  the  excess  of  the  number  of  ions  or  electrons 
approaching  the  electrode  over  the  number  of  those  leaving, 
since  the  former  number  includes  ions  generated  at  all  parts  of 
the  field ;  whereas  the  latter  contains  only  ions  that  are  generated 
in  the  narrow  layer  close  to  the  wire.  It  is,  therefore,  evident 
that  the  charges  on  the  excess  of  negative  ions  near  the  wire 
disturb  the  electric  field  so  that  the  potential  difference  per 
centimeter,  or  the  gradient,  is  large  near  the  surface  of  the  wire. 

(2)  A  region  of  approximately  constant  force  extending 
from  the  "surface  ]a3rer"  region  adjacent  to  the  wire  to  a  point 
which  varies  with  the  pressure,  current,  and  voltage.  At  the 
higher  voltages,  the  actual  potential  at  a  given  point  in  this 
region  is  greater  than  the  theoretical  electrostatic  potential,  and 
the  tangent  to  the  curve  may  be  either  greater  or  less. 

(3)  A  region  of  little  or  no  force  near  the  tube,  but  not 
touching  it. 

(4)  A  region  adjacent  to  the  tube,  where  positive  charges 
accumulate  and  form  an  abrupt  cathode  drop  of  potential. 

When  the  wire  is  negative  and  corona  appears,  a  potential  curve 
is  obtained  which  differs  somewhat  from  the  positive  curves.  Large 
cathode  and  anode  drops  appear,  and  the  intervening  space  has  a 
very  small  field.  Reasoning  similar  to  that  which  explains  the  shape 
of  the  curves  when  the  wire  is  positive  explains  the  negative  curves. 

So  in  general,  the  anode  and  cathode  drops  of  potential  are  pre- 
dominant in  both  types  of  curves.  There  are  several  reasons  for  this : 
namely, 

(1)  Polarization  potential  between  a  metal  and  a  gas. 

(2)  Accumulation  of  ions. 

(3)  Reflection  of  ions. 

(4)  Different  velocities  of  positive  and  negative  ions. 

(5)  A  non-uniform  field. 
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For  a  system  where  the  potential  at  a  point  is  due  to  moving 
charges  as  well  as  static  charges,  there  is  Poisson's  equation  express- 
ing the  density  in  terms  of  the  potential 

A-'F  =  -4ttp, 
or,  expressed  in  cylindrical  coordinates, 


d^V        1  6V       J_ 
lr2         r  dr  +  r2  §02 


82V  ,    82V 
+ 


5z'' 


=  —  4xp 


For  this  particular  case,  the  derivatives  in  z  and  <f>  are  zero;  so 
rewriting  this  equation  and  using  total  derivatives  gives 


d2V       l_dV  =      ^)       \_d^ 
dr2         r  dr  r  dr 


r  —  \ 

dr  J  ' 


■     •     (8) 


Since  the  density  is  an  undetermined  function  of  the  radius, 
the  equation  cannot  be  integrated  directly.  If,  however,  the  potential 
is  plotted  against  the  distance  from  the  axis,  a  graphical  method  will 
aid  in  the  determination  of  the  density;  that  is,  if  the  first  derivative 
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Fig.  35.     Computed  Curve  of  the 
Volume  Density  of  Electrifica- 
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of  the  potential  is  determined  from  the  curve  for  a  series  of  values 
of  r,  these  new  values  may  be  plotted  against  the  radius  again.  Re- 
peating this  process  with  the  derived  curve  gives  a  relation  between 
the  second  space  derivative  and  the  radius.  From  these  two  derived 
curves,  then,  the  density  may  be  computed  according  to  equation  (8). 

Fig.  34  is  a  curve  of  the  same  type  as  curve  4  in  Fig.  33A,  and 
Fig.  35  shows  the  density  as  computed  for  the  different  values  of  r. 

The  density  curve  shows  that  which  was  deduced  intuitively  in 
regard  to  the  changes  necessary  to  produce  the  observed  distortion 
of  the  field.  The  large  resultant  negative  charge  near  the  positive 
wire  and  the  positive  charge  near  the  negative  tube  should  be  expected. 
A  peculiar  maximum  appears  about  2.7  cm.  from  the  wire. 

Sources  of  error  are  found  in  the  potential  assumed  by  a  sphere 
in  an  ionized  gas.  It  is  difficult  to  draw  conclusions  concerning  the 
absolute  potential  of  a  sphere  in  a  conducting  gas,  since  it  is  very 
likely  that  the  potential  at  an  undisturbed  point  in  a  gas  is  not  the 
same  as  the  potential  assumed  by  a  sphere  when  its  center  is  at  this 
point. 

In  a  sphere  near  the  positive  electrode,  the  potential  being  initi- 
ally the  same  as  that  of  the  gas,  two  streams  of  ions  move  in  opposite 
directions  past  the  side  of  the  sphere,  one  containing  a  large  number 
of  negative  ions  and  the  other  a  smaller  number  of  positive  ions.  The 
sphere  intercepts  more  negative  ions  than  positive  so  that  its  poten- 
tial falls  below  that  of  the  surrounding  gas.  The  charge  thus  ac- 
quired by  the  sphere  increases  until  the  effect  which  it  produces  in 
attracting  positive  and  repelling  negative  ions  causes  them  to  come 
in  contact  with  the  sphere  in  equal  numbers.  The  final  value  of  the 
potential  assumed  by  the  sphere  is  too  high  by  an  amount  which 
depends  upon  the  relative  velocities  of  the  positive  and  negative  ions. 

Conversely,  when  the  exploring  sphere  is  close  to  the  negative 
electrode,  there  is  a  greater  number  of  positive  than  negative  ions 
intercepted  so  that  the  potential  of  the  sphere  rises  above  the  poten- 
tial of  the  undisturbed  gas,  until  finally  an  equilibrium  is  reached. 
The  number  of  positive  charges  acquired  by  the  sphere  is  equal  to 
the  number  of  negative  charges;  thus  the  potential  assumed  by  the 
sphere  is  greater  than  that  of  the  undisturbed  gas.  If,  however,  the 
velocity  of  the  positive  ions  is  approximately  equal  to  that  of  the  nega- 
tive ions,  the  exploring  point  should  attain  very  nearly  the  same  poten- 
tial as  that  of  the  surrounding  gas.     For  the  pressures  used  in  this 
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series  of  experiments,  the  velocities  of  the  ions  are  nearly  the  same. 
The  error  introduced  could  not,  therefore,  have  been  very  great. 

A  slight  error  might  he  introduced  if  there  were  an  appreciable 
voltmeter  leakage  between  the  point  and  the  power  line.  The  shape 
of  the  point  also  affects 'that  of  the  potential  curve  to  a  small  degree. 
The  voltmeters  used  were  practically  free  from  leakage,  and  the  work 
was  done  during  cold,  dry  weather;  so  the  error  introduced  from  this 
cause  is  negligible. 
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CHAPTER  VIII 

The  Pressure  Increase  in  the  Corona 

Dr.  S.  P.  Far  well  was  the  first  investigator  to  discover  that  at 
the  instant  the  corona  appeared  on  the  wire  the  gas  pressure  in  the 
corona  tube  increased.  The  increase  appears  very  suddenly  and  also 
disappears  very  rapidly.  For  these  reasons  all  the  experimenters 
working  in  this  laboratory  have  maintained  that  the  pressure  in- 
crease could  not  be  due  to  heat.  It  has  been  suggested  that  it  might 
possibly  be  due  to  ionization.  This  assumption  is  a  possible  conse- 
quence of  the  present  theories  of  the  corona,  which  assume  it  to  be 
an  ionization  phenomenon.  These  theories  assume  that  the  high 
potential  differences  cause  the  few  ions  which  are  always  present  in 
a  gas  to  move  with  a  velocity  sufficiently  great  to  break  the  molecules 
with  which  they  collide  into  two  parts,  one  bearing  a  positive  and  one 
a  negative  charge.  All  these  charged  particles  then  move,  because  of 
the  influence  of  the  field,  toward  one  or  the  other  of  the  terminals. 
The  presence  of  these  ions  thus  explains  the  conductivity  of  the  gas, 
and  the  acceleration  of  the  ions  explains  the  light  effect.  If  the 
corona  is  an  ionization  phenomenon  one  would  expect,  provided  the 
corona  apparatus  were  enclosed,  at  the  instant  the  corona  appeared; 
i.  e.,  at  the  instant  the  molecules  were  broken  into  ions,  that  the  pres- 
sure in  the  apparatus  would  increase,  because  according  to  kinetic 
theory  the  greater  the  number  of  particles  in  a  given  volume  the 
greater  the  pressure.  Under  certain  circumstances  the  pressure  in- 
crease can  amount  to  as  much  as  3  cm.  of  mercury. 

Professor  Kunz  (9),  by  theoretical  considerations,  has  shown 
that  this  increase  in  pressure  should  be  exactly  proportional  to  the 
corona  current. 

Other  investigators  (10)  have  contended  that  the  pressure  in- 
crease could  be  completely  accounted  for  as  the  result  of  Joule's  heat 
and  that  the  assumption  that  it  is  due  to  ionization  is  untenable.  To 
support  this  contention  Arnold  performed  experiments  "by  elec- 
trically heating  the  central  wire  in  apparatus  similar  to  Farwell's" 
and  observed  the  pressure  increase.  With  such  an  apparatus  Arnold 
attempted  to  show:  (1)  that  an  increase  in  pressure  due  to  heat  ap- 
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Fig.  36.  Apparatus  for  Study  of  the  Pressure  Increase  in  the  Corona  Tube 
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pears  suddenly,  and  (2)  that  for  a  given  power  consumed  in  the  tube 
the  increase  in  pressure  due  to  heat  is  of  nearly  "the  same  magnitude 
as  those  observed' '  in  the  corona. 

In  order  to  show  clearly  that  the  pressure  increase  is  not  due 
to  heat  a  series  of  comparative  experiments  was  performed  with  the 
pressure  increase,  caused  (1)  by  producing  the  corona  glow  on  the 
wire,  and  (2)  by  heating  the  central  wire.  The  pressure  increase 
observed  in  the  first  set  of  experiments  will  be  referred  to  as 
caused  by  corona  and  in  the  second  set  as  caused  by  heat.  A  few 
computations  have  also  been  made  which  strengthen  the  results  of 
these  experiments. 

Since  the  conception  of  ionization  is  so  intimately  associated 
with  the  idea  of  increase  in  pressure,  it  seemed  important  to  deter- 
mine the  laws  relating  to  this  sudden  increase  in  pressure  to  the 
corona  current. 


24.  Apparatus. — To  the  corona  tube  was  soldered  a  small  T  tube, 
one  side  of  which  was  joined  to  the  vacuum  pump  and  the  other  side 
was  connected  to  a  Bristol  aneroid  pressure  gage   (see  Fig.  36). 

The  increase  in  pressure  was  measured  by  this  Bristol  gage.  Any 
increase  in  pressure  caused  it  to  bend  slightly  and  to  rotate  the 
mirror.    When  the  deflection  of  a  beam  of  light  was  seen  over  a  scale, 
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Fig.  37.     Diagram  of  Connections  of  Apparatus  for  the  Determination  of 
Pressure  Increase  in  the  Corona  Tube 
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which  had  previously  been  calibrated  by  reading  simultaneously  the 
deflected  beam  and  a  water  manometer  connected  directly  to  the  gage, 
the  increase  in  pressure  in  centimeters  of  water  could  be  determined. 
The  advantage  of  such  a  pressure  measuring  instrument  in  this  ex- 
periment is  its  very  quick  action.  The  instant  the  pressure  increases 
the  gage  jumps  to  its  new  position  and  a  reading  may  be  taken  in  a 
very  few  seconds.  It  was  necessary  to  read  this  pressure  increase 
quickly,  because  if  much  time  was  required  the  heating  effect  of  the 
current  would  increase  the  pressure. 

The  current  was  measured  by  a  Type  H  d'Arsonval  galvano- 
meter.   The  apparatus  was  connected  as  is  shown  in  Fig.  37. 

25.  Experimental  Results. — The  results  obtained  from  pressure 
increase  in  the  corona  were  as  follows : 

(1)  One  who  sees  this  pressure  increase  as  recorded  by  a  quick- 
acting  pressure  meter  thinks  it  is  not  a  heat  effect,  because  of  the 
rapidity  with  which  it  appears  and  disappears.  Arnold  showed  that 
the  pressure  increase  occurred  very  rapidly  when  caused  by  heat. 
The  following  curves  show  the  difference  in  the  rapidity  in  appear- 
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ance  and  disappearance  of  the  pressure  increase  caused  by  heat  and 
that  caused  by  corona.  It  will  be  noticed  in  Fig.  38,  where  the  pres- 
sure increase  was  caused  by  heating  the  central  wire,  that  fifteen  sec- 
onds were  required  for  the  pressure  to  come  to  its  maximum  value,  and 
that  from  the  time  the  current  was  broken  twenty -five  seconds  were  re- 
quired for  the  pressure  to  return  to  practically  its  original  value.  In 
Fig.  39,  however,  where  the  pressure  increase  was  caused  by  corona, 
only  three  seconds  were  required  for  the  maximum  pressure  to  be  at- 
tained and  the  pressure  came  to  practically  its  original  value  in  eight- 
een seconds.  In  this  last  case  from  the  appearance  of  the  phenomenon, 
it  seems,  if  the  aneroid  pressure  meter  had  less  inertia,  that  the  pres- 
sure increase  could  be  determined  in  less  than  three  seconds.  These 
curves  show  that  the  pressure  increase  appears  five  times  as  rapidly 
when  caused  by  corona  as  when  caused  by  heat  and  disappears  also 
more  rapidly. 


1.75 

^ 

lis 

150 

1.25 

A 

^ 

£ 

1.00 

£ 

5 

0.75 

0.50 

< 

025 

0.00 

A 

?         2 

?         Ji 

0         A 

0         5 

?         6( 

7         7, 

9          8 

0 

Time  in  Seconds 


Fig.  40.     Pressure  Increase  Due  to  Corona   and  Heat 


82 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


(2)  In  the  pressure  increase  due  to  corona,  a  short  time  inter- 
val of  five  to  seven  seconds  occurs  after  the  sudden  increase  of  pres- 
sure, before  the  heat  effect  in  the  corona  begins  to  be  noticed.  This 
fact  is  shown  in  Fig.  40  by  an  abrupt  bend,  a,  in  the  curve  where 
the  pressure  increase  is  plotted  against  time.  No  such  bend  occurs 
where  the  pressure  increase  is  caused  by  heat  alone,  as  is  shown  in 
Fig.  38.  In  all  the  subsequent  work  the  pressure  increase  measure- 
ments were  always  taken  at  a  time  corresponding  to  the  point,  a; 
by  this  means  the  heat  effect  is  practically  eliminated. 

(3)  The  heat  which  is  produced  in  the  corona  discharge,  shown 
by  the  gradual  pressure  increase  from  b  to  c,  Fig.  40,  is  distributed 
throughout  the  whole  volume  of  enclosed  air ;  consequently,  when  the 
circuit  is  broken,  this  heat  does  not  radiate  rapidly  because  the  air  is 
a  poor  conductor.  This  fact  is  shown  very  clearly  in  Fig.  41.  The 
curve  seems  to  show  that  the  pressure  increase  due  to  heat  in  the 
corona  is  represented  by  the  difference  of  ordinates  of  c  and  b, 
(Fig.  41).  As  soon  as  the  circuit  is  broken  at  c,  the  increase  in  pres- 
sure due  to  corona  at  once  disappears,  but  the  increase  in  pressure 
due  to  heat  in  the  corona  discharge  remains  as  is  shown  by  the  dif- 
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ference  between  ordinates  (/  and  a.  This  difference  is  always  very 
nearly  equal  to  the  difference  of  ordinates  of  c  and  b.  This  heat 
energy  produced  by  the  corona  current,  since  it  is  distributed  through 
the  gas,  radiates  very  slowly,  as  is  shown  by  the  gradual  descent  of 
the  curve  from  d  to  e.  No  such  effect  is  observed  when  the  increase 
of  pressure  is  due  entirely  to  heat,  as  is  shown  in  Fig.  38.  This  curve 
shows  that  twenty-five  seconds  after  the  corona  is  removed  from  the 
wire  the  increase  in  pressure  due  to  the  corona  has  disappeared,  but 
practically  all  the  pressure  increase  due  to  heat  in  the  corona  (ordi- 
nate c  minus  ordinate  b  approximately  equals  ordinate  d  minus  ordi- 
nate a)  still  remains  and  radiates  very  slowly. 

(4)  If  the  increase  in  pressure  is  due  to  heat,  the  same  increase 
in  pressure  should  result  when  the  same  power  is  consumed :  (a) 
with  a  corona  current  through  the  gas  and  (b)  with  a  heating  current 
through  the  wire.  Figs.  42  and  43  show  that  this  is  not  the  case.  The 
powers  consumed  in  the  two  cases  are  not  exactly  the  same,  but  one 
can  see  that  were  they  the  same,  the  increase  in  pressure  due  to  corona 
would  be  approximately  half  the  increase  in  pressure  due  to  heat. 
The  power  in  the  corona  was  obtained  by  multiplying  the  potential 
difference  between  the  wire  and  the  tube  by  the  corona  current,  and 
in  the  heated  wire  the  power  was  obtained  by  multiplying  the  current 
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through  the  wire  by  the  potential  difference  across  that  portion  of  the 
wire  which  was  in  the  tube. 

(5)  If  the  increase  in  pressure  in  the  corona  discharge  is  due 
to  heat,  the  temperature  of  the  air  in  the  corona  tube  must  increase. 
This  condition  may  or  may  not  be  that  of  the  luminous  layer  near  the 
wire,  but  the  temperature  of  the  gas  in  the  tube  at  a  point  four  milli- 
meters from  the  wire  actually  decreases.  This  decrease  was  deter- 
mined by  inserting  a  sensitive  thermocouple  made  of  very  fine  Copper- 
Advance  wire  into  the  corona  tube.  The  temperature  decreased  only 
at  the  instant  the  corona  appeared.  In  a  short  time  after  the  heat 
due  to  the  corona  began  to  appear  (corresponding  to  the  slope  b  to  c, 
Figs.  40  and  41)  the  temperature  of  the  gas  in  the  tube  began  to  in- 
crease. This  cooling  effect  is  shown  in  Fig.  44.  From  a  comparison 
of  Fig.  44  with  Fig.  40  it  is  seen  that  the  increase  in  pressure  which 
was  measured  at  a  was  observed  while  there  was  an  actual  cooling  in 
the  corona  tube.  This  cooling  should  be  expected  when  air  or  oxygen 
is  in  the  tube,  for  under  these  conditions  ozone  is  formed.  Since  the 
formation  of  ozone  from  oxygen  is  always  accompanied  by  an  ab- 
sorption of  heat,  the  temperature  of  the  air  or  oxygen  would  tend 
to  lower.  J.  W.  Davis,  working  on  corona  about  hot  wires  in  hydro- 
gen, discovered  that  the  appearance  of  the  corona  about  a  tungsten 
wire  at  white  heat  causes  it  to  cool  to  dull  red.  This  change  tends  to 
show  that  even  in  the  corona  glow  itself  there  is  a  cooling  effect.  A 
possible  explanation  of  the  cooling  effect  might  be  given  by  assuming 
an  electrical  wind  action  around  the  conductor. 
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Fig.  44.     Cooling  Effect  in  Corona 


(6)  If  the  increase  in  pressure  in  the  corona  is  due  to  heat,  one 
should  expect  it  to  be  the  same  with  the  wire  either  positive  or  nega- 
tive. It  will  be  mentioned  hereinafter  that  it  is  impossible  to  obtain 
measurements  when  the  wire  is  negative  because  of  the  presence  of 
beads.  The  negative  corona  is  entirely  different  from  the  positive 
corona. 

(7)  The  following  consideration  will  show,  moreover,  that  the 
increase  in  pressure  cannot  be  due  to  heat.  The  heat  produced  by  the 
corona  current  will  be  given  by  the  equation  H  =  0.238  eit,  and  if 
the  observed  pressure  increase  is  due  to  heat,  the  increase  in  pressure 
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Fig.  45.     Relation  between   Ionization  Pressure   and   Corona   Current  for 

Different  Gases 
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Ap  will  be  proportional  to  the  heat.  The  equation  may  then  be 
written  Ap  =  k  eit.  The  only  way  for  Ap  to  vary  directly  as  i, 
the  corona  current,  as  shown  by  curves  in  the  next  paragraph,  is  for 
e  to  be  independent  of  i.    Data  shows  that  this  is  not  the  case. 

(8)  To  determine  the  laws  relating  this  ionization  pressure  to 
the  corona  current,  experiments  were  made  when  the  wire  was  posi- 
tive and  the  coaxial  cylinder  grounded  with  dry  air,  hydrogen,  nitro- 
gen, carbon  dioxide,  oxygen,  and  ammonia  as  the  gases  in  the  tubes. 
Considerable  care  -was  taken  to  see  that  these  gases  were  absolutely 
pure.  They  were  all  dried  carefully  before  they  were  used.  Fig.  45 
shows  all  the  curves  plotted  to  the  same  scale.  With  this  scale  the 
hydrogen  curve  should  be  continued  until  its  ordinate  is  equal  to 
that  of  the  carbon  dioxide  curve. 

The  fact  that  the  points  all  lie  accurately  on  a  straight  line 
shows  conclusively  that  the  experiment  verifies  the  prediction  made 
by  Dr.  Kunz's  theory.  The  law  can  then  be  stated  that  in  the  gases 
studied  with  the  wire  positive  the  ionization  pressure  is  exactly  pro- 
portional to  the  corona  current. 

In  oxygen  a  considerable  amount  of  ozone  was  for] tied  because 
of  the  corona  discharge.  Evidently  the  curve  as  shown  is  a  resultant 
of  two  effects:  (1)  A  chemical  change,  due  to  the  formation  of  ozone, 
which  would  tend  to  cause  a  decrease  in  pressure.  (2)  The  increase 
in  pressure  due  to  the  ionization  of  the  oxygen.  Since  the  ionization 
curve  is  a  straight  line,  as  is  shown  by  the  gases  in  which  probably 
there  is  no  chemical  action,  and  since  this  resultant  curve  of  oxygen 
is  a  straight  line,  the  following  law  can  be  stated : 

Whenever  chemical  change  occurs  because  of  the  corona  the 
chemical  change  is  proportional  to  the  current. 

With  the  wire  negative  beads  always  appear,  and  since  the  pres- 
sure increase  varies  with  the  arrangement  of  the  beads  which  are  not 
stable,  it  is  impossible  to  verify  accurately  the  relationship.  When 
an  ordinary  open  manometer  which  is  slow  in  its  action  was  used 
instead  of  the  quick  acting  gage,  it  was  discovered  that  the  same  re- 
lationship as  stated  is  very  nearly  true  for  the  negative  as  well  as  for 
the  positive  wire. 

The  increase  in  pressure  in  nitrogen,  showing  ionization,  is  one 
of  the  exceptions  where  nitrogen  is  largely  ionized  at  low  tempera- 
tures and  thus  probably  chemically  active.     How  nitrogen,   carbon 
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dioxide,  and  ammonia   are  ionized  are  questions  which   require  fur- 
ther study. 

The  arrangement  of  the  apparatus  could  be  used  as  a  high  poten- 
tial voltmeter  by  simply  calibrating  the  increase  in  pressure  against 
volts,  as  determined  by  a  disc  electrometer. 

26.  Results  front  Theoretical  Considerations.  — If  the  increase 
in  pressure  is  due  to  heat,  it  is  possible  to  compute  the  magnitude  of 
the  pressure  increase  when  one  knows  the  watts  of  electrical  energy 
consumed  in  the  tube.  The  trial  represented  in  Fig.  43  gives  these 
data.  The  observed  pressure  increase  was  measured  in  three  seconds 
so  that  the  total  number  of  joules  of  work  consumed  by  the  tube  in 
that  time  was  3  x  0.266  =  0.798  joules.  This  amount  corresponds  to 
0.1909  calories.  Knowing  the  volume  of  the  tube,  the  temperature 
and  pressure  of  the  air  in  it,  one  can  readily  compute  the  mass  of  the 
air  in  the  tube.  With  the  quantity  of  heat  and  mass  of  air  mentioned 
previously,  together  with  the  specific  heat  of  the  air  at  constant  vol- 
ume, the  temperature  rise  of  the  air  can  be  computed,  if  the  electrical 
energy  is  assumed  to  be  converted  into  heat.  This  temperature  rise 
is  2.44  degrees  centigrade,  which  at  constant  volume  corresponds  to 
a  pressure  increase  of  nearry  nine  centimeters  of  water,  while  the  ob- 
served pressure  increase  in  this  particular  trial  amounts  to  nearly  sev- 
en-tenths centimeters  of  water.  In  this  computation  radiation  and  con- 
duction losses  have  been  neglected,  because  they  would  be  very  small 
from  a  body  2.44  degrees  centigrade  above  room  temperature.  This 
computation  shows  that  the  observed  results  lie  in  a  different  order 
of  magnitude  from  that  expected  if  Arnold's  theory  were  true. 

Arnold  states,  if  "we  compute  the  corona  currents  that  would 
result  from  the  presence  of  enough  ionized  particles  to  produce  the 
observed  pressure  changes,  the  currents  calculated  are  many  thousand 
times  greater  than  those  actually  obtained."  Such  a  statement  is 
true  only  when  the  ionized  particles  are  produced  in  a  uniform  or 
practically  uniform  electric  field.  This  is  not  the  case  in  the  corona 
tube,  as  is  shown  in  Chapter  VII. 

From  these  data  it  is  seen  that  the  potential  gradient  near  the 
wire  is  very  high,  of  the  order  of  30,000  volts  per  centimeter.  This 
is  the  arcing  gradient,  in  which  probably  every  molecule  is  ionized. 
Then  for  a  long  space  between  the  wire  and  the  tube  there  is  a  very 
small  gradient.    With  this  condition  of  the  field,  every  molecule  may 
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be  ionized  near  the  wire  and  still  the  resultant  current  be  very  small, 
for  few  of  the  ionized  particles  near  the  wire  will  pass  through  the 
spaee  where  there  is  a  small  gradient.  Simple  computations  based  on 
kinetic  theory  show  that  the  maximum  observed  pressure  increases 
can  be  explained  by  ionization  if  every  molecule  of  the  air  within  1.39 
millimeters  of  the  wire  is  ionized.  Within  this  distance  the  potential 
gradienl  Is  equal  to  the  arcing  gradient  and  it  is  therefore  probable 
that  all  molecules  are  ionized. 

27.  Further  Verification  of  Knnz's  Theory. — The  final  equation 

v  1 

as  presented  by  Dr.  Kunz  is  ki=  —  (pi—  Po)~r+    a  constant,  where 

i  is  the  corona  current,  v0,  the  volume  of  the  tube,  e,  the  potential  dif- 
ference between  the  wire  and  the  tube,  px  -  p0,  the  pressure  increase, 
k,  a  constant  and  p0,  the  initial  pressure.  This  equation  shows  that 
for  a  constant  potential  difference,  e,  the  current,  i,  should  increase 
as  p0  is  lowered.  Data  were  taken  by  measuring  the  current  at  vari- 
ous measured  pressures,  caused  by  a  constant  potential  difference, 
which  verifies  this  theory.  These  data  are  shown  graphically  in  Figs. 
46  and  47  when  pure  hydrogen  and  nitrogen  respectively  were  the 
gases  in  the  tube. 

28.  Summary    and    Conclusions. — Experimental    results    show: 

(1)  That  the  increase  in  pressure  due  to  the  corona  ap- 
pears and  disappears  much  more  rapidly  than  when  due  to  heat 
only. 

(2)  That  the  heat  in  the  corona  discharge  is  not  a  promi- 
nent factor  until  many  seconds  after  the  corona  appears. 

(3)  That  in  equal  energy  experiments  the  increase  in 
pressure  due  to  corona  differs  from  the  increase  in  pressure 
due  to  heat  by  nearly  50  per  cent. 

(4)  That  at  the  instant  the  corona  appears  the  gas  in 
the  tube  at  a  small  distance  from  the  wire  is  cooled. 

(5)  The  ionization  pressure  in  the  positive  corona  is  ex- 
actly proportional  to  the  corona  current  in  dry  air,  hydrogen, 
nitrogen,  carbon  dioxide,  oxygen,  and  ammonia. 

(6)  Any  chemical  action  that  occurs  because  of  the  corona 
is  proportional  to  the  corona  current. 
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(7)  That  the  theory  advanced  by  Professor  Kunz  is  veri- 
fied in  one  more  field;  namely,  in  the  relation  between  current 
and  pressure  for  constant  voltage. 


These  results  together  with  conclusions  drawn  from  simple  cal- 
culations force  one  to  believe  that  the  pressure  increase  in  the  corona 


Pressure  in  tlm.  offfercury 

Fig.  47.     Corona   Current   as   a   Function   of   Pressure  in   Nitrogen,   with 
Constant  Voltage  and  Wire  Positive 
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discharge  is  not  due  to  Joule's  heat.  With  the  knowledge  of  the 
distortion  of  the  held  in  the  corona  tube  it  seems  very  possible  that  the 
increase  in  pressure  is  due  to  ionization. 

Dr.  A.  M.  Tyndall  has  also  argued  against  a  characteristic  pres- 
sure eifect  in  the  corona.  In  his  experiments  he  used  a  much  smaller 
tube  and  introduced  about  one  thousand  times  more  energy  per  unit 
time  than  that  used  in  these  experiments,  unless  there  is  a  misprint 
in  the  current  (10-*1  instead  of  10-:{).  Even  if  there  were  a  misprint, 
the  relative  energy  is  still  larger  in  Tyndall 's  experiments,  because 
his  inner  wire  was  about  thirty  times  smaller  than  those  used  in  the 
measurements  herein  recorded.  It  is  therefore  possible  that  Tyndall 
observed  only  heat  phenomena;  moreover  from  his  data  it  cannot 
be  concluded  that  the  pressure  increase  in  question  is  proportional  to 
the  corona  current,  a  fact  which  requires  an  explanation  different 
from  a  simple  heat  effect.  The  cooling  of  the  wire  by  the  corona  had 
been  discovered  in  the  Physics  Laboratory  of  the  University  of  Illi- 
nois before  Tyndall  published  his  paper.  Tyndall 's  experiments  can- 
not be  considered  conclusive;  the  characteristic  pressure  measured 
by  Warner  may  be  due  to  an  increase  in  particles  or  to  a  partial 
vacuum  surrounding  the  wire  when  the  corona  discharge  takes  place. 
The  problem  is  not  yet  solved. 
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CHAPTER  IX 

Ozone  Formation  in  the  Corona 

Among  the  problems  attracting  attention  at  the  present  time, 
that  of  the  nature  of  the  forces  which  hold  the  atoms  together  in  the 
molecule  is  of  great  importance.  The  most  probable  suggestion  is 
that  these  forces  are  clue  to  the  electrons  and  positive  nuclei  of  the 
different  atoms  acting  on  each  other  according  to  laws  still  obscure. 
Most  of  the  articles  which  have  been  published  concerning  this  prob- 
lem are  of  a  speculative  nature.  If  the  forces  are  electrical,  it  seems 
obvious  that  some  electrical  method  might  be  used  advantageously  in 
their  study.  Ionization,  often  followed  by  chemical  reaction,  is 
found  to  occur  in  solutions  of  electrolytes  and  sometimes  in  gases.  A 
tremendous  amount  of  work  has  been  done  with  electrolytes  in  solu- 
tions of  various  solvents.  These  studies  have  led  to  the  development 
of  many  interesting  relationships,  but  there  are  so  many  complica- 
tions in  any  study  of  liquid  solutions  that  it  is  difficult  to  get  much 
conception  of  the  fundamental  intramolecular  forces.  In  spite  of 
the  fact  that  a  much  greater  amount  of  work  has  been  done  on  ions 
in  solutions  than  on  gaseous  ions,  more  is  known  about  the  latter.  In 
gases  the  ions  have  greater  freedom  of  movement  than  in  liquids. 
The  structure  is  simpler  and  it  is  much  easier  to  control  and  alter 
conditions.  Ionized  gases  with  charged  atoms  and  molecules  are  often 
capable  of  causing  chemical  action  and  so  may  well  lend  themselves 
to  the  study  of  those  forces  which  bind  the  atoms  together.  To  cause 
a  reversible  reaction  like  N2  +  02  iz;2NO,  for  instance,  to  shift 
toward  the  right  by  purely  thermal  means  would  require  a  very  high 
temperature  for  appreciable  3rields,  but  with  the  ionization  of  gases 
resulting  from  various  forms  of  electrical  discharge,  similar  yields 
can  be  secured  at  far  lower  temperatures.  It  seems  probable,  then, 
that  the  presence  of  ions  in  gases  is  the  cause  of  new  combinations 
of  the  atoms,  but  it  might  be  that  ionization  is  only  an  accompanying 
effect,  not  the  cause  of  chemical  reactions.  It  is  very  desirable  when 
studying  fundamental  relationships  to  work  with  conditions  as  little 
complicated  as  possible.     For  this  purpose  there  is  available  one  re- 
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action  that  involves  the  presence  of  only  one  element,  oxygen,  which 

is  changed   into  ozone  under  suitable  conditions. 

The  following  is  a  discussion  of  the  theory  of  ozone  formation 
which  is  applied  to  the  various  known  types  of  ozone  formation: 
the  oxygen  atom  is  supposed  to  possess  six  electrons  in  the  outer 
shell.  The  two  atoms  in  the  molecule  may  be  held  together  in  two 
different  ways,  between  which  there  may  be  several  gradations. 
The  oxygen  molecule  may  be  represented  by  either  of    the   formulas 

A,  : O :  : O :  or  B,  :  O :  O :.  In  the  first  form  the  atoms  are  held  together 
by  two  valence  bonds  while  in  the  second  there  is  only  one  bond,  each 
atom  possessing  an  extra,  unsatisfied  valence.  It  is  supposed  that 
a  valence  bond  is  due  to  the  coupling  together  of  two  electrons  which 
tend  to  make  a  fairty  stable  union.  In  form  B  each  atom  has  an 
extra  unbalanced  electron,  and  an  arrangement  exists  similar  to  the 
usual  conception  of  the  ethylene  molecule.  In  its  second  form  the 
oxygen  molecule  would  be  highly  reactive  as,  indeed,  oxygen  is  well 
known  to  be. 

If  a  neutral  oxygen  atom  came  in  contact  with  form  B,  there 
would  be  a  strong  tendency  to  form  the  neutral  molecule  of  ozone, 

The   electrons   not   being  symmetrically   placed   about   the 

nuclei  a  strain  results  so  that  ozone  is  in  an  unstable  condition  and 
readily  tends  to  decompose.  The  heat  of  decomposition  of  ozone  by 
direct  measurement  is  about  +34,000  calories.  This  value  is  the 
resultant  of  the  force  required  to  split  two  extra  atoms  from  two 
ozone  molecules  and  of  the  force  with  which  these  two  atoms  unite  to 
form  a  molecule,  regardless  of  the  order  in  which  these  steps  may 
occur.  It  seems  likely  that  an  atom  would  have  to  come  in  contact 
with  the  unsaturated  form  of  molecule  B  at  just  the  right  angle  and 
with  a  suitable  velocity  in  order  to  produce  ozone.  Collision  between 
two  atoms  would  result  in  the  formation  of  a  molecule  with  conse- 
quent degradation  of  energy  as  heat. 

Apparently  the  formation  of  ozone  requires  oxygen  atoms  which 
may  be  derived  from  molecular  oxygen  or  from  some  compound  of 
oxygen  with  other  elements.  On  this  basis,  in  accordance  with  the 
mass-action  principle,  any  factor  which  increases  the  atomic  oxygen 
concentration  ought  to  raise  the  yield  of  ozone. 

Ozone   is   formed   in   many   chemical   reactions.      The   practical 
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method  for  the  manufacture  of  ozone  is  to  pass  air  through  some 
form  of  silent  discharge.  Whenever  ozone  is  formed  by  means  of  an 
electrical  discharge,  light  is  produced.  Indeed  ultraviolet  light  of 
sufficiently  short  wave  length  produces  ozone.  It  is  possible  that  it  is 
the  light  which  produces  the  ozone  even  in  the  silent  discharge  and 
in  the  corona  discharge.  The  vibrations  of  the  ultraviolet  light  tend 
to  loosen  the  oxygen  bonds,  to  produce  polarization  at  first  and  finally 
to  cause  dissociation  of  the  atoms  analogous  to  the  thermol  action 
of  high  temperatures. 

The  formation  of  ozone  is  an  end  of  thermic  reaction.  At  ordi- 
nary temperature  ozone  decomposes  into  oxygen,  but  the  rate  of  de- 
composition is  slow.  The  velocity  of  decomposition  increases  very 
rapidly  with  increasing  temperature,  so  that  for  practical  manufac- 
ture of  ozone  the  gas  should  be  as  cold  as  possible. 

For  the  formaton  of  ozone  atomic  oxygen  seems  to  be  required; 
the  atoms  may  or  may  not  be  changed  and  this  is  a  very  important 
question. 

The  chemical  reaction  may  be  written  in  the  form02  —  0^zt03. 
The  heat  of  decomposition  of  ozone  is  about  34,000  calories.  Ozone 
is,  therefore,  in  a  metastable  condition  at  ordinary  temperatures. 

For  the  ozone  formation  in  the  corona  discharge  the  following 
method  and  arrangement  were  chosen.  The  oxygen  was  prepared 
by  electrolyzing  a  20  per  cent  solution  of  sodium  hydroxide  with 
nickel  electrodes.  To  remove  hydrogen  the  gas  was  passed  over 
heated  copper  oxide.  Any  carbon  dioxide  was  removed  by  a  20  per 
cent  sodium  hydroxide  solution  in  a  bead  tower.     The  gas  was  dried 


Fig.  48.     Diagram  of  Apparatus  for  the  Study  of  Ozone  Formation  in  the 

Corona 
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by  being  passed  through  another  bead  tower  containing  concentrated 
sulphuric  acid,  through  a  large  0  lube  filled  with  pieces  of  fused 
potassium  hydroxide  and  finally  through  another  large  U  tube  full 
of  phosphorous  pentoxide.  The  corona  tube  was  of  glass ;  its  dimen- 
sions are  given  in  Fig.  48.  The  outer  electrode  was  a  sheet  of  gold  foil 
0.15  mm.  thick.  Connection  was  made  by  a  platinum  wire  sealed 
through  the  glass  and  passing  all  around  between  the  foil  and  the 
glass  tube.  A  slit  was  left  in  the  foil  so  that  the  discharge  might  be 
observed.  It  had  the  characteristic  appearance  for  this  form  of  dis- 
charge as  described  previously  in  this  bulletin.  The  procedure  was 
to  fill  the  tube  with  pure  oxygen,  close  the  stopcocks  and  subject  the 
enclosed  volume  of  air  to  the  discharge  for  varying  lengths  of  time. 
The  gas  was  then  passed  through  neutral  2  N  potassium  iodide.  The 
iodine  set  free  was  titrated  with  0.025  N  thiosulphate  solution  after 
acidifying  with  sulphuric  acid.  During  the  discharge  the  current 
strength  was  measured  by  a  suitable  galvonometer  and  was  main- 
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Fig.  49.    Increase  of  Voltage  at  Constant  Current  and  Decrease  of  Current 
at  Constant  Voltage  in  the  Formation  of  Ozone  in  the  Corona 
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tained  constant  by  increasing  the  voltage  as  required.  The  resistance 
of  the  gas  rises  with  the  length  of  time  of  the  discharge.  The  re- 
quired increase  in  voltage  due  to  the  increased  resistance  is  an  ex- 
pontial  function  of  the  time 

V0  is  the  initial  voltage,  Vt  is  the  voltage  at  any  time  t,  and  a  is  some 
constant.  This  relation  is  well  illustrated  in  Fig.  49,  curve  a.  On 
the  other  hand  if  the  voltage  is  maintained  constant,  the  current 
strength  will  decrease  as  in  Fig.  49,  curve  b.  The  formula  for  this 
hyperbolic  curve  will  be  somewhat  like  the  other  formula  but  with  a 
negative  exponent.  An  explanation  of  this  phenomenon  is  given 
later.  The  state  of  affairs  in  the  discharge  is  somewhat  complicated. 
When  the  current  is  turned  on,  there  is  a  slight  immediate  rise  in 
pressure  due  to  the  ionization  of  the  gas.  This  increase  in  pressure 
means  a  splitting  of  the  molecules  into  atoms  so  that  the  total  number 
of  particles  in  the  gas  is  increased.  The  oxygen  atoms  formed  in 
oxygen  unite  chiefly  with  oxygen  molecules  to  form  oxone  with  a  con- 
sequent decrease  in  volume  which  may  be  followed  by  a  suitable 
manometer.  The  most  (90-97  per  cent)  of  even  the  initial  energy 
is  degraded  into  heat  energ3r.  As  the  ozone  increases  in  concentra- 
tion more  of  it  decomposes  with  the  liberation  of  more  heat.  All  this 
heat  causes  an  increase  in  the  velocity  of  the  molecules  and  an  in- 
crease in  the  volume  of  the  gas.  The  decrease  in  volume,  which  is  a 
resultant  of  the  ozone  and  heating  effects,  should  bring  about  a  de- 
crease in  resistance.  The  increased  velocity  of  the  molecules  should 
also  help  to  lower  the  resistance.  Both  of  these  effects  should  allow 
the  easier  passage  of  the  ions  through  the  gas.  The  explanation  of  the 
increase  in  the  resistance  is  the  counter  electromotive  force  or  polari- 


Table  5 
Current-Voltage  Relationship 


Wire  Positive 

Wire  Negative 

Amperes  XIO — 4 
2.00 
2.77 
3.75 
6.25 

Volts 
7910-  8300 
8960-  9260 
9370-  9650 
9680-10440 

Amperes  XIO— 4 
1.25 
2.50 
3.75 
5.00 
7.50 

Volts 

8960-95501 

9880-10280 

10400-10600 

10800-11240 

11600-12480 

»  Cf.  Fig.  49,  Curve  a 
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zation  effect  exerted  by  the  ions  present.  As  long  as  the  tube  is  closed 
its  size  is  the  Limiting  factor.  After  a  condition  of  equilibrium  is 
once  reached  throughout  the  tube,  the  voltage  required  to  maintain  a 
certain  amperage  should  be  constant.  The  ionic  equilibrium  like  the 
ozone-oxygen  equilibrium  depends  upon  diffusion  to  a  large  extent 
and  this  in  turn  is  governed  by  the  size  and  shape  of  the  tube. 

These  data  are  the  extreme  values  observed  during  a  20-minute 
run.  To  test  the  reproducibility  of  the  method,  runs  were  made 
during  two  different  days  with  all  the  conditions  as  nearly  constant 
as  possible.  Each  run  lasted  just  three  minutes.  The  current  strength 
was  maintained  exactly  at  2.77  x  10-4  amperes  and  the  wire  was  posi- 
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tively  charged.  The  results  were  345,  340,  335,  and  360  cu.  mm.  of 
ozone.  This  corresponds  to  nearly  6  g.  per  kw.  hr.,  a  value  lower 
than  the  values  given  hereinafter;  for  here  the  deozonizing  effect  of 
the  discharge  is  considerable.  To  calculate  the  yield  in  terms  of  per- 
centage divide  the  value  in  terms  of  cubic  millimeters  by  3000.*  The 
results  plotted  in  Figs.  50  and  51  represent  all  the  results  obtained  with 
the  amperage  at  a  constant  value  and  with  no  arc  in  series.  The  follow- 
ing yields  have  been  calculated  from  measurements  of  the  initial  slopes 
of  these  curves. 
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Fig.  51.     Ozone   Formation   in   the   Corona   Tube   at   Various    Current 
Strengths   with  Wire  Negative 


*The    capacity  of  the  tube  being  300  cc.to  change  from  cubic  millimeters  to  percentage 
multiply  by  100  (300X1000)  or  divide  by  3000. 
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Table  6 

Ozone  Yields  Calculated  from  the  Initial  Slopes  of  the  Cukvrs 

in  Figs.  50  and  51 


Wire  Positive 
Grams  of  Ozone  per  Kilowatt  Hour 

Wire  Negative 
Grams  of  Ozone  per  Kilowatt  Hour 

Amp.   X10-4 
2.00 
2.77 
3.75 
6.25 

Without  Spark 

7.7 

12.7 

20.7 

23.3 

With  Spark 
13 
18 
29 

Amp.  X10-4 
1.25 
2.50 
3.75 
5.00 
7.50 

Without  Spark 

13 

14.1 

14.2 

11.3 

24 

With  Spark 
22 
23 
25 

These  values  are  being*  checked  by  passing  the  gas  through  the 
discharge  at  various  speeds.  With  the  wire  charged  positively,  about 
the  same  amount  of  ozone  is  formed  as  with  the  wire  charged  negative- 
ly. This  result  does  not  agree  with  either  Warburg*  or  Cermakt  who 
working  with  a  point  discharge  and  influence  machine  current  ob- 
served the  ozone  concentration  with  the  point  negative  to  be  about 
three  times  the  concentration  when  the  point  was  charged  positively. 
Their  explanation  was  that  the  greater  speed  of  the  negative  ions 
was  responsible.  This  seems  to  be  a  reasonable  explanation,  but  these 
curves  show  that  there  is  something  more  to  be  taken  into  considera- 
tion. The  point  discharge,  especially  with  an  influence  machine  sup- 
plying the  current,  is  very  complicated.  The  curves  in  Figs.  50  and 
51  belong  to  a  family  of  parabolic  curves  which  tend  to  approach  a 
common  point  as  a  limit.     The  general  formula  for  these  curves  is, 

y=-atn 
where  y  is  the  yield  of  ozone,  a  is  a  constant,  t  is  the  time,  and  n  is  a 
fraction  between  0  and  1.  The  greater  initial  slope  of  the  larger 
current  curves  indicates  that  there  is  a  greater  ozonization,  but  the 
smaller  slopes  of  these  curves  after  five  minutes  show  that  there  is 
also  a  very  much  larger  deozonizing  effect.  The  resultant  is  probably 
the  same  in  all  cases  with  an  electrical  equilibrium  formed.  This 
electrical  equilibrium  for  any  one  apparatus  and  source  of  power  is 
probably  independent  of  the  current  strength.  It  is  the  resultant 
of  the  ozonizing  and  deozonizing  effects  of  the  current  and  the  small 
spontaneous  decomposition  of  ozone  at  the  temperatures  (24+3  de- 
grees) and  pressures  (740+  5  mm.)  used. 


*  Ann.  Phys.,  Vol.    [4]  9,  p.  781,   1902. 

t  Ber.  deut.  physik.  Ges„  Vol.  4,  p.  268,   1906- 
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A  few  experiments  were  made  with  a  spark  gap  in  series.  The 
spark  was  between  two  1  cm.  zinc  spheres  which  were  adjusted  by  a 
micrometer  screw.  The  effect  of  an  arc  in  series  with  the  corona  has 
been  studied  by  Crooker.*  He  showed  that  the  effect  is  not  to  produce 
an  oscillating  but  an  intermittent  direct  current.  In  Table  6  some 
yields  are  given  of  ozone  per  kilowatt  hour.  These  were  calculated 
as  follows:  With  the  wire  positive  and  with  the  current  of  2.00x10  ~4 
ampere,  the.  yield  of  ozone  was  two-thirds  greater  for  the  three-minute 
interval  with  rather  than  without  the  spark  in  series.  The  increases 
are  greater  for  the  smaller  current  strengths.  These  results  throw 
some  light  on  the  effect  of  alternating  or  fluctuating  current  and  of 
different  frequencies  on  ozone  production.  This  point  will  be  dis- 
cussed later  in  connection  with  the  further  study  of  ozone  for- 
mation in  the  corona  which  is  being  continued  in  the  Chemical 
Laboratory  of  Purdue  University. 


•Crooker,  Am.  J.  Sci.,  Vol.  45,  p.  281,  1918. 
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CHAPTER  X 
The  Influence  of  a  Series  Spark  on  the  Corona 

The  typical  positive  corona  discharge  is  a  uniform  glow  around 
the  wire,  while  the  negative  corona  consists  in  more  or  less  evenly 
spaced  bright  beads.  If  a  short  spark  is  included  in  series  with  the 
corona  tube,  this  difference  in  the  discharge  is  largely  eliminated, 
the  discharge  appearing  almost  the  same  whether  the  wire  is  positive 
or  negative.  The  introduction  of  the  spark  in  series  entirely  changes 
the  visual  character  of  the  corona  glow.  The  usual  characteristic 
negative  beads  spread  laterally  and  in  diameter  into  a  fuzzy  glow 
(blue  in  air),  whereas  the  quiet  uniform  positive  glow  gives  place 
to  a  remarkable  display  of  purple  streamers  shooting  radially  from 
the  wire  to  the  tube  and  at  times  completely  filling  the  tube  with 
light.  These  visual  characteristics  are  essentially  the  same  in  all 
gases. 

When  this  marked  difference  between  the  corona  with  and  with- 
out the  spark  in  series  was  first  discovered,  it  was  suggested  that 
perhaps  this  difference  was  due  to  high  frequency  oscillations  super- 
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Fig.  52.     Diagram   of   Connections   of   Apparatus   for    Study    of   Influence 

of  a  Series  Spark  on  the  Corona 
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imposed  upon  the  direct-current  phenomenon.  The  results  presented 
in  the  following  pages  of  this  chapter  comprise  the  present  knowledge 
of  this  peculiar  corona  phenomenon. 

29.  Apparatus. — The  electrodes  of  the  spark  gap  were  polished 
brass  spheres,  one  centimeter  in  diameter,  fastened  to  brass  rods  which 
were  supported  by  hard  rubber  blocks  on  a  solid  hard  rubber  base. 
One  of  the  electrodes  was  supplied  with  a  micrometer  screw  and  an 
insulated  handle  which  permitted  an  easy  adjustment  of  the  spark 
discharge.  This  spark  gap  was  connected  in  series  with  the  self- 
opening  line  switch  and  the  corona  tube  through  a  reversing  switch 
which  allowed  quick  reversal  of  the  polarity  of  the  axial  wire.  The 
connections  of  the  apparatus  are  shown  in  Fig.  52. 

30.  Visual  Characteristics  of  the  Corona  with  Spark  in  Series. — 
If  in  positive  corona  a  short  spark  is  placed  in  series  with  the  corona 
tube,  containing  air  at  atmospheric  pressure,  after  the  voltage  is  high 
enough  to  give  a  bright  uniform  glow  a  most  remarkable  change  takes 
place  in  the  discharge.  For  very  short  sparks  a  few  bright  purple 
radial  pencils  or  streamers  of  light  will  shoot  out  irregularly  from 
the  wire  toward  the  tube.  These  streamers  increase  in  number  and 
in  brightness  as  the  spark  gap  is  opened  and  may  at  times  completely 
fill  the  tube  with  purple  light.  They  are  brighter  and  more  easily 
formed  at  the  higher  pressures  and  at  voltages  slightly  above  that 
for  the  starting  glow,  but  they  have  been  observed  at  pressures  as 
low  as  30  cm.  of  mercury. 

The  same  changes  in  the  appearance  of  the  positive  glow  by  the 
introduction  of  a  series  spark  have  been  observed  in  illuminating  gas 
and  hydrogen.  The  uniform  positive  glow  is  in  both  cases  trans- 
formed into  the  radial  streamers  by  the  action  of  the  spark.  In  illu- 
minating gas  these  streamers  are  of  an  intense  blue-green  color, 
while  in  hydrogen  they  are  of  a  milky  white  or  silvery  appearance. 

In  negative  corona  a  short  series  spark  has  the  effect  of  destroying 
the  characteristic  negative  beads.  Introducing  a  very  short  spark 
reduces  the  clear  beads  in  brightness  and  in  their  clear-cut  form,  and 
they  become  hazy  at  the  boundaries.  Gradually  opening  the  spark 
gap  causes  a  slow  transition  of  the  beads  from  the  clear  intensely 
concentrated  form  of  glow  to  a  uniform  fuzzy  glow  which  spreads 
laterally  from  the  beads  along  the  wire  and  which  is  slightly  larger 


Fig.  53.     Corona  Discharge  with  and  without  a  Series  Spark 
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in  diameter  than  the  original  beads.  The  bright  cores  of  the  beads 
maintain  their  positions  until  the  last,  although  they  are  greatly  re- 
duced in  intensity  and  may  even  be  seen  when  the  spark  gap  is  so 
long  that  the  glow  flashes  but  intermittently.  The  characteristic 
destruction  of  the  clear  form  of  the  beads  due  to  the  action  of  the 
spark  has  also  been  observed  in  illuminating  gas  and  in  hydrogen  at 
various  pressures.  The  appearance  of  the  glow  remains  the  same, 
whether  the  spark  is  placed  on  the  grounded  side  of  the  tube  or  on 
the  high  potential  side. 

Photographs  of  the  corona  discharge  with  and  without  a  series 
spark  are  shown  in  Fig.  53. 

31.  No  Oscillations  in  the  Corona. — When  the  influence  oC  the 
series  spark  was  first  discovered,  the  action  was  attributed  to  oscilla- 
tions or  surges  started  in  the  sj^stem  by  the  spark.  This  suggestion 
was  made,  because  when  a  2  micro  farad  condenser  was  placed  in 
parallel  with  the  tube  and  the  wire,  the  hazy,  beaded  discharge  ap- 
peared for  both  positive  and  negative  corona,  and  did  not  change 
in  character  when  a  series  spark  was  added  to  the  circuit.  When  the 
spark  is  placed  in  series  many  times,  a  hissing  sound  is  heard  which 
might  be  due  to  oscillations. 

To  determine  whether  the  series  spark  sets  up  oscillation  several 
experiments  have  been  performed.  The  results,  which  show  that  os- 
cillations are  not  present,  will  be  given  in  the  following  paragraphs. 
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Fig.  54.     Arrangement  of  Apparatus  for  Boys's  Method 


106  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

The  difference  between  the  positive  and  negative  corona  with 
series  spark,  as  described,  is  so  conspicuous  as  to  exclude  the  possi- 
bility of  the  effect  being  due  to  oscillations.  If  there  were  oscilla- 
tions, they  could  not  be  symmetrical  with  respect  to  the  time  axis. 

The  oscillograph  and  vibration  galvanometer  cannot  be  used  to 
determine  the  current  wave  form,  because  the  currents  are  too  weak 
to  overcome  the  inertia  of  the  moving  elements.  Three  methods  have 
been  used  which  give  accordant  results:  the  telephone,  revolving 
lenses  and  a  photographic  plate,  and  a  cathode  tube  with  a  hot  lime 
cathode.  The  last  method  may  be  made  very  sensitive  and  gives  satis- 
factory results. 

In  the  telephone  receiver  method  a  receiver  connected  in  parallel 
with  a  resistance  was  used  in  place  of  the  galvanometer.  The 
passage  of  the  faintest  spark  can  be  detected.  When  the  voltage  is 
high  enough  to  produce  corona,  a  sharp  click  is  heard  in  the  telephone 
as  each  consecutive  spark  passes  and  a  flash  of  glow  appears  on  the 
wire  in  the  tube.  If  the  sparks  pass  in  very  rapid  succession,  the  glow 
will  appear  to  be  practically  continuous.  The  discharge  between 
the  spheres  is  intermittent  and  forms  a  white  line  in  the  gas. 

The  corona  tube  acts  like  a  condenser  charging  and  discharging 
at  intervals,  according  to  the  length  of  the  spark  gap.  It  can  be  ar- 
ranged so  that  for  long  sparks  only  one  spark  passes  per  second  or 
for  short  sparks  several  thousand  pass  per  second,  and  as  each  spark 
passes  it  will  register  a  sharp  click  in  the  telephone  receiver.  De- 
creasing the  spark  length  from  the  longest  sparking  distance  will 
make  the  sparks  jump  faster  and  faster  until  for  very  short  spark 
lengths  the  sound  in  the  telephone  practically  passes  from  the  audible 
range.  The  results  obtained  with  the  telephone  suggest  the  assump- 
tion that  the  corona  current  with  a  spark  in  series  is  only  intermittent 
and  not  oscillatory. 

Boys's  method  consists  in  photographing  the  spark  directly  when 
the  image  from  it  sweeps  across  a  photographic  plate.  Boys  (19) 
used  a  system  of  six  revolving  lenses  set  in  one  solid  disc.  Each 
lens  was  mounted  a  little  offset  from  the  center  of  the  disc  as  com- 
pared with  those  adjacent,  so  that  the  image  from  it  would  not  over- 
lap the  others.  The  arrangement  of  the  apparatus  is  shown  in  Fig. 
54.  All  the  lenses  have  the  same  focal  length;  so  the  spark  gap  can 
be  focused  on  the  plate  through  any  one  of  them.  The  spark  gap  and 
the  photographic  plate  are  stationary,  but  since  the  lenses  move,  the 


Fig.  55.    Photographs  of  Oscillatory  and  Unidirectional  Sparks 
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focus  of  the  spark  shifts  from  one  point  to  another  across  the  plate 
leaving  its  record  of  instantaneous  images. 

A  small  motor  drives  the  lenses  at  a  speed  of  about  6000  r.  p.m. 
The  lenses  are  set  about  four  inches  from  the  center  of  the  disc  so 
that  it  is  possible  to  get  a  linear  speed  of  approximately  100  ft.  per 
sec.  across  the  face  of  the  photographic  plate. 

By  this  method  it  is  possible  to  analyze  the  spark  and  to  deter- 
mine whether  it  is  of  an  oscillatory  or  unidirectional  character.  An 
oscillatoiy  spark  will  give  an  irregular  band  of  light  across  the  plate 
(see  Fig.  55A),  while  a  unidirectional  spark  leaves  only  a  sharp 
line  (see  lines  in  Fig.  555). 

For  rough  determinations  it  is  easy  to  observe  the  image  of  the 
spark  on  the  ground  glass  plate  and  to  find  quickly  if  the  spark  is 
oscillatory  or  not.  If  it  is  oscillatory,  one  can  observe  the  approxi- 
mate frequency  and  duration  of  the  spark.  For  more  nearly  ac- 
curate determinations  photographs  must  be  made  on  sensitive  plates 
and  observations  and  measurements  made  from  them. 

Several  observations  were  made  with  this  method  for  various 
spark  lengths  and  speed  of  lenses  using  both  air  and  hydrogen  in  the 
corona  tube.  In  the  first  experiment  corona  was  produced  in  air  at 
a  pressure  of  500  mm.  by  a  potential  of  14,000  volts.  The  spark  gap 
was  about  1.5  mm.  in  length,  and  the  lenses  were  driven  at  a  speed 
of  2,000  r.  p.  m.  A  photograph  was  taken,  but  the  individual  sparks 
showed  no  trace  of  being  oscillatory. 

To  spread  out  the  individual  spark  images  the  lenses  were 
driven  at  the  higher  speed  of  6,000  r.p.m.  and  the  spark  gap 
set  at  1.19  mm.  This  arrangement  allowed  a  passage  of  nearly  2,500 
sparks  per  second  and  a  speed  of  about  100  ft.  per  sec.  across  the 
plate.  The  half-tone,  Fig.  55B,  clearly  showed  that  the  sparks  were 
not  of  an  oscillatory  character  but  unidirectional,  that  only  a  sharp 
line  was  recorded  as  each  spark  passed,  and  that  the  duration  was  less 
than  1-100,000  second.  Each  spark  was,  moreover,  a  little  brighter 
at  the  negative  electrode,  and  showed  that  all  the  sparks  passed  in 
the  same  direction  and  were  of  the  same  character. 

With  hydrogen  in  the  tube  at  a  pressure  of  744  mm.  and  a 
potential  of  9,400  volts  photographs  were  taken  when  the  spark  gap 
was  0.75  mm.  and  0.3  mm  in  length.  For  the  0.75  mm.  gap  the  fre- 
quency of  the  sparks  was  about  10  per  second  and  produced  a  large 
number  of  silvery  streamers  in  the  corona  tube.     When  the  gap  was 
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reduced  to  0.3  mm.,  several  hundred  sparks  passed  per  second  and 
the  corona  tube  was  completely  filled  with  streamers.  In  every  case 
the  sparks  were  unidirectional,  sharp  and  clear-cut,  and  showed 
no  oscillatory  character  whatever. 

To  determine  the  form  of  the  current  curves  when  the  spark  is 
in  series  a  special  hot-lime-cathode  Braun  tube  was  designed  and  con- 
structed as  shown  in  Fig.  56. 

A  narrow   platinum   strip,   P,   fastened  to  the   insulated   brass 

blocks,  BXB2,  is  heated  by  an  auxiliary  current  passing  through  the 
leading-in  conductors,  CXC2.  A  small  spot  of  calcium  oxide  placed 
upon  this  heated  strip  has  a  peculiar  property  of  giving  off  a  stream 


Fig.  56.     The  Adjustable  Hot-Lime  Cathode 
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of  slow  moving  electrons  when  used  as  cathode  in  a  discharge  tube 
at  a  very  low  pressure.  It  is  necessary  to  use  only  a  low  potential 
of  nearly  400  volts  between  anode  A  and  cathode  C.  The  block  hold- 
ing the  platinum  strip  was  mounted  upon  a  gimbal  support,  as 
shown,  in  order  that  the  soft  cathode  beam  could  be  easily  adjusted 
through  a  hole  in  the  diaphragm,  D,  fall  upon  the  fluorescent  screen, 
S,  and  there  produce  a  spot  of  maximum  brightness.  This  double 
adjustment  is  necessary,  for  it  is  impossible  to  assure  by  construction 
the  exact  direction  of  the  beam. 

If  a  verjT  weak  magnetic  field  is  placed  at  right  angles  to  this 
beam  of  slow  moving  electrons,  the  beam  will  be  deflected  and  the 
bright  spot  shifted  on  the  fluorescent  screen.  When  the  magnetic 
field  is  alternating  or  pulsating,  the  rapidly  moving  spot  will  cause 
a  line  to  be  seen  on  the  screen.  If  this  line  is  observed  in  a  mirror 
rotating  at  right  angles  to  it,  the  line  is  spread  out  into  a  curve  repre- 
senting the  variations  in  the  current  of  the  coil  which  excites  the  mag- 
netic field. 

The  coil  used  had  about  3,000  turns  of  No.  26  enameled  copper 
wire  wound  in  two  sections  and  mounted  so  that  it  could  be  fitted 
closely  to  the  neck  of  the  tube. 

It  might  be  advantageous  to  note  briefly  some  of  the  details 
necessary  in  constructing  and  operating  the  hot-lime-cathode  Braun 
tube. 

(1)  The  cathode  should  be  adjustable  in  order  to  get  a 
spot  of  maximum  brightness. 

(2)  A  diaphragm,  D,  is  necessary  to  eliminate  extraneous 
light  from  the  hot  platinum  strip  and  to  stop  down  the  divergent 
cathode  beam. 

(3)  The  cathode  should  be  as  near  the  fluorescent  screen 
as  the  sensitiveness  of  the  apparatus  permits. 

(4)  CaO  mixed  with  a  small  quantity  of  BaN03  insures 
a  longer  life  to  the  lime  and  may  be  easily  applied  as  a  paste. 

(5)  The  anode  should  be  near  the  cathode,  for  instance, 
1  cm.  distant. 

(6)  The  potential  may  be  as  low  as  300  volts  and  pref- 
erably from  a  constant  source,  as  from  storage  cells. 

(7)  The  pressure  must  be  very  low  and  may  even  be 
assisted  with  charcoal  and  liquid  air.     Gases  are  given  off  from 


112  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

the  lime   cathode   freely   and   necessitate   constant   pumping-   if 
the  tube  is  to  be  used  for  any  length  of  time. 

With  this  hot-lime-cathode  apparatus  it  was  easy  to  observe  in 
the  rotating  mirror  the  forms  of  the  current  curves  when  a  spark 
passed  and  when  the  current  flowed  through  the  corona  tube.  The 
field  coil  was  connected  in  series  with  the  circuit:  (1)  between  the 
spark  gap  and  the  corona  tube,  and  (2)  between  the  corona  tube  and 
ground  or  negative  terminal  of  the  generators  (see  Fig.  52).  The 
current  forms  are  sketched  in  Fig.  57  as  they  were  observed  in  both 
of  these  positions  and  for  the  conditions  (JV)  when  there  was  no 
spark,  (S)  when  sparks  were  passing  slowly,  and  (F)  when  sparks 
were  passing  rapidly. 

With  the  coil  in  the  position  (1)  and  with  no  spark,  the  current, 
Nlf  was  observed  to  be  a  unidirectional  one  with  an  irregular  and 
ragged  edge.  These  irregularities  are  noticeable  and  are  probably 
due  to  poor  commutation  at  the  machines  as  well  as  fluctuations  in 
their  speed  of  rotation. 

With  a  few  sparks  passing,  for  instance,  three  per  second,  the 
current,  Sx,  suddenly  jumps  to  a  maximum  each  time  a  spark  passes 
and  then  more  gradually  falls  to  zero.  The  current  is  always  in  one 
direction  and  its  maximum  value  is  larger  than  Nx. 

When  the  spark  gap  is  adjusted  so  that  sparks  pass  more  rapidly, 
the  current,  Flf  has  the  same  shape  as  St  except  that  the  impulses  are 
crowded  closer  together. 

With  the  field  coil  connected  in  the  position  (2),  without  spark, 
the  current,  N2,  is  constant  and  gives  a  straight  line. 

With  only  a  few  sparks  per  second  a  peaked  current  form,  $2, 
rises  rapidly  and  decays  more  slowly  than  in  Sx. 

For  a  greater  frequency  of  sparks  the  ionization  comes  into  play 
in  a  more  pronounced  fashion.  The  ionization  current  does  not  have 
time  to  reduce  to  zero  between  consecutive  impulses  from  the  spark, 
and  so  the  resultant  effect  is  a  direct  current,  F2,  ordinarily  called  a 
pulsating  current,  with  peaks  that  correspond  to  the  sparks  passing 
on  the  other  side  of  the  tube. 

These  current  forms  are  essentially  the  same  both  when  the  wire 
is  positive  and  negative.  They  show  directly  that  there  are  no  os- 
cillations in  the  series  spark  nor  in  the  corona  tube.  If  there  were 
surges  or  oscillations  left,  they  would  have  to  be  exceedingly  weak  and 
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Fig.  57.     Current  Forms  in  the  Spark  and  Corona  Tube 
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of  very  high  frequency.  The  results  of  these  three  methods  show  con- 
clusively that  the  corona  current  with  a  spark  in  series  is  only  inter- 
mittent and  not  oscillatory. 


32.  The  Corona  and  the  Arc. — Electrical  discharges  in  gases 
at  pressures  near  that  of  the  atmosphere  may  be  divided  into  five 
classes.     These  are: 

(1)  The  dark  discharge,  where  a  small  current  passes 
through  gas  without  making  itself  visible. 

(2)  The  glow  discharge,  where  a  larger  current  passes 
and  the  gas  in  the  immediate  neighborhood  of  the  electrodes 
becomes  faintly  luminous. 

(3)  The  brush  discharge,  such  as  that  from  points  where 
the  glow  is  irregular  and  extends  into  the  gas  some  distance 
from  the  electrodes. 

(4)  The  spark  discharge,  which  is  a  transient  phenomenon 
bridging  the  whole  distance  between  the  electrodes,  accompanied 
by  a  bright  light  and  a  comparatively  large  current. 

(5)  The  arc,  in  which  a  large  current  passes  between 
the  electrodes  in  the  gas  and  the  ionized  vapors  of  the  electrodes 
producing  a  continuous  light. 

Any  one  of  the  first  forms  of  discharge  may  be  converted  into 
any  one  of  the  latter  forms  by  an  increase  in  the  potential  between 
the  electrodes,  depending  upon  the  nature  and  pressure  of  the  gas, 
and  the  spacing,  size,  capacity,  and  shape  of  the  electrodes. 

The  corona  may  be  classed  as  a  glow  discharge  like  the  positive 
wire  without  a  spark,  or  as  a  brush  discharge  like  the  negative  beads 
or  the  positive  streamers.  This  glow  or  brush  discharge  easily  goes 
over  into  the  arc,  and  in  the  following  paragraphs  this  transaction  will 
be  considered. 

It  has  often  been  observed  that  an  arc  easily  forms  in  the  tube 
when  the  line  switch  connecting  the  tube  is  opened,  especially  when 
the  wire  in  the  corona  tube  is  positive  and  a  fairly  large  current  is 
passing  in  the  discharge.  The  conclusions  drawn  from  the  available 
data  are  as  follows: 
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(1)  For  a  given  configuration  of  electrodes  the  arc-over 
takes  place  as  soon  as  the  current  has  reached  a  certain  value 
which  is  nearly  constant  for  all  pressures. 

(2)  Arc-over  occurs  at  lower  voltages  for  smaller  wires. 

(3)  At  low  pressures  arc-over  for  the  negative  wire  oc- 
curs at  less  voltage  than  for  the  positive  wire. 

(4)  At  high  pressures  (near  atmospheric)  arc-over  for 
the  positive  wire  takes  place  at  a  less  voltage  than  for  the  nega- 
tive wire. 

The  water  resistance  connected  between  the  generators  and  the 
main  bus  bar  was  replaced  by  a  0.5  ampere  fuse  in  order  to  see  if 
it  had  any  effect  on  the  corona  discharge  with  and  without  a  spark. 
The  visual  forms  were  studied  with  the  coaxial  cylinders  (the  inner 
one  being  No.  20  copper  wire)  as  well  as  with  parallel  (No.  20  cop- 
per) wires  as  electrodes. 

With  the  cylindrical  electrodes  the  general  results  obtained 
showed  that  the  usual  characteristic  visual  forms  of  the  corona  dis- 
charge were  not  materially  altered  for  positive  wire  or  for  nega- 
tive wire  with  and  without  a  series  spark.  The  only  noticeable 
change  was  an  increased  brightness  in  the  positive  uniform  glow, 
streamers,  and  negative  beads.  With  the  water  resistance  cut  out  the 
available  energy  was  increased  about  one  hundred  times  or,  in  other 
words,  to  10  kilowatts.  The  negative  beads  and  the  positive  stream- 
ers while  much  brighter  were  also  in  a  more  agitated  state  than  before 
the  increase  in  energy.  They  moved  rapidly  back  and  forth  on  the 
wire  and  would  go  over  into  the  arcing  stage  much  easier  than  they 
would  with  water  resistance  connected.  The  axial  wire  was  No.  20 
copper  tightly  stretched,  but  it  was  easily  set  into  violent  vibrations,  at 
739  mm.  pressure  and  12,700  volts,  within  a  few  seconds  after  closing 
the  line  switch.  The  applied  potential  fluctuated  at  times  as  much  as 
100  volts  and  the  result  was  a  more  unsteady  discharge.  The  water 
resistance  has  the  effect  of  damping  out  the  smaller  variations. 

The  ease  with  which  the  arc  formed  was  also  noticed  in  experi- 
ments with  No.  20  wires  strung  parallel  with  each  other,  placed  % 
inch  apart  and  sealed  into  a  glass  tube. 

With  hydrogen  it  was  noticed  that  when  the  wire  was  at  a  given 
potential  above  the  critical  glow  voltage,  the  current  in  the  beads 
would  increase  with  the  time,  the  beads  would  increase  in  size  and 
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in  a  shorl  time  would  combine  to  form  an  arc.    Detailed  observations 
were  made  on  this  point. 

After  the  switch  was  closed,  several  beads  were  formed  which 
soon  combined  into  one  much  larger  and  brighter,  as  shown  in  Fig. 
58.  This  bead  seemed  to  take  hold  on  the  wire  at  a  surface  irregu- 
larity and  remained  fixed.  A  bright  reddish  spot  on  the  wire  formed 
the  base  of  the  bead,  while  a  bright  blue-white  core  extended  from 
this  spot  toward  the  bright  spots  on  the  edge  of  the  observation  slot 
and  shaded  off  into  a  milky  glow  or  brush.  As  time  proceeded  the 
core  grew  larger  and  brighter  and  the  milky  glow  of  the  brush 
reached  farther  toward  the  tube,  as  in  B.  Soon  a  faint  reddish  glow, 
C,  appeared  in  the  gas,  proceeded  from  the  bright  spots  on  the  tube, 
and  extended  towTard  the  bead.     This  glow  continued  to  increase  in 


c  d 

Fig.  53.     Evolution  of  Beads  into  the  Arc 
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brightness  for  a  short  time  until  the  arc,  D,  flashed  into  existence. 
The  arc  had  a  very  bright  tubular  blue-white  core  surrounded  by  a 
hazy  reddish  glow  and  extended  from  a  bright  reddish  spot  on  the 
wire  to  bright  white  on  the  tube.  The  negative  beads  and  perhaps 
the  positive  streamers  may  be  spoken  of  as  miniature  or  beginning 
arcs  which  unite  to  form  a  single  arc  when  the  current  density 
reaches  a  certain  value. 

The  curve  in  Fig.  59  will  serve  to  show  how  the  current  in  the 
streamers  increases  with  the  time.  At  a  potential  of  11,850  volts, 
somewhat  above  that  for  starting  corona  glow  in  air  at  751  mm. 
pressure,  a  spark  gap  of  0.18  mm.  length  was  placed  in  series  with 
the  tube.    Readings  of  the  current  were  taken  at  intervals  of  5  sec- 
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ondfl  and  when  plotted  resulted  in  Hie  given  eurve.  An  arc  passed 
shortly  after  20  seconds,  but  the  maximum  current  before  it  occurred 
was  not  obtained. 

The  increase  of  the  current  depends  largely  on  the  sparking  dis- 
tance and  on  the  applied  voltage  (see  curve  a,  Fig.  60).  When 
the  spark  distance  from  zero  is  increased,  the  current  for  the  positive 
corona  decreases  accompanied  by  a  decreased  brightness  of  the  uni- 
form glow,  reaches  a  minimum  value,  and  as  the  streamers  appear 
rises  to  a  maximum  rapidly  and  falls  off  to  zero  for  a  large  spark 
distance.  The  streamers  are  brightest  at  the  maximum  current  value 
and  are  always  connected  with  a  large  current.  The  corresponding 
negative  curves  show  no  such  a  maximum,  with  increasing  voltage 
the  positive  current  increases  very  rapidly. 

In  order  to  test  the  relative  magnitude  of  the  current  due  to  the 
accumulation  of  ions  and  that  due  to  the  spark,  a  current-spark  dis- 
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Fig.  61.     Characteristic  Curves  with  and   without  Series  Spark 

tance  curve  was  taken,  when  the  tube  was  closed,  and  another  when 
a  small  current  of  air  was  passing  through  the  tube  sweeping  out  some 
of  the  ionized  gas. 

The  curves  are  given  in  Fig.  60,  curve  a,  being  taken  with  the 
tube  closed  using  a  potential  of  11,850  volts,  and  curve  b  with  a  stream 
of  air  passing  which  necessitated  a  higher  corona  voltage ;  namely, 
13,100  volts. 
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Curve  h  still  1ms  the  characteristic  maximum  in  the  curve,  but 
it  is  very  much  reduced  in  size,  whereas  curve  a  has  a  very  pro- 
nounced maximum  of  a  large  value.  These  curves  portray  in  a  strik- 
ing man  nor  the  effect  a  short  spark  has  in  producing  a  very  great 
ionization  in  the  gas,  and  also  makes  it  easy  to  conceive  how  the 
positive  are  takes  place  so  readily  when  the  switch  remains  closed 
for  a  little  time  or  is  suddenly  opened  while  a  large  current  is  passing 
in  the  tube. 

The  ordinary  characteristic  current-voltage  curves  as  obtained 
in  the  process  of  experiments  without  a  series  spark  give  the  nega- 
tive characteristic  as  lying  above  the  positive.  This  relative  position 
is  maintained  in  all  cases,  with  one  or  two  minor  exceptions. 

When  a  short  spark  is  placed  in  series  with  the  corona,  these 
positions  are  reversed  and  the  positive  curve  lies  above  the  negative, 
except  at  the  starting  point  where  the  curves  cross  and  give  a  lower 
starting  potential  for  the  negative  wire  (See  Fig.  61).  The  starting 
potential  with  the  spark  in  series  is,  however,  higher  than  for  the 
other  case.  It  might  be  pointed  out  also  that  the  characteristics  taken 
with  a  series  spark  are  more  widely  separated  than  those  taken  with- 
out, and  thus  they  show  a  wider  variation  in  the  current  from  the 
positive  and  negative  wires  for  a  given  voltage. 

It  was  found  when  the  spark  gap  was  closed  while  current  was 
flowing  that  the  current  would  drop  in  a  short  time  to  a  position  on 
the  ordinary  characteristic  curve.  If  the  wire  is  positive  at  11,000 
volts  and  a  0.12  mm.  spark  is  in  series,  for  instance,  a  current  of 
6.2"  10  —  4  amperes  will  flow.  Short-circuiting  the  spark  gap  will  cause 
the  current  to  drop  to  the  value  4.6' 10  — 4  amperes  which  is  a  point 
on  the  ordinary  positive  characteristic  curve.  Similarly  by  short- 
circuiting  the  spark  gap  when  the  wire  is  negative  the  current  will 
increase  to  a  value  which  lies  on  the  ordinary  negative  characteristic. 
These  observations  again  show  that  the  positive  streamers  carry  a 
large  current. 

Without  a  spark  gap  in  series  with  the  tube,  the  ordinary  uni- 
form positive  glow  is  formed  by  ionization  in  the  gas  near  the  wire 
where  the  field  strength  is  greater  than  thirty  kilovolts  per  centimeter, 
the  current  being  carried  by  both  positive  and  negative  ions.  The 
usual  negative  corona  discharge  begins  critically  as  a  uniform  glow 
similar  to  that  of  the  positive  discharge  but  has  a  greater  thickness. 
The  brushes  or  negative  beads,  soon  formed  by  a  slight  potential 
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increase,  bear  a  similarity  to  the  arc.  This  fact,  in  addition  to  the 
position  of  the  negative  characteristic  curves  and  to  the  influence 
which  the  surface  condition  and  the  material  of  the  wires  have  on  the 
beads,  leads  to  the  belief  that  an  electron  emission  is  present  in  addi- 
tion to  ionization  by  collision  in  the  gas. 

The  case  is  somewhat  different  when  a  series  spark  gap  is  used. 
The  corona  tube  may  be  considered  as  a  leaky  condenser  connected 
in  series  with  a  spark  gap  and  a  constant  source  of  high  potential. 
A  charge  will  build  up  to  the  condenser  until  the  potential  difference 
of  the  spark  gap  is  sufficient  to  break  down  the  air  between  the 
electrodes.  An  instantaneous  unidirectional  current  will  glow  across 
the  spark  gap  and  at  the  same  time  the  potential  across  the  tube 
will  increase  to  a  point  where  the  corona  is  formed.  The  current 
now  passing  through  the  tube  will  immediately  reduce  the  potential 
of  the  spark  gap  below  its  critical  point  and  the  circuit  will  be  broken. 
The  process  is  then  repeated. 

The  more  nearly  uniform  appearance  of  the  negative  corona  can 
now  be  explained  as  a  super-imposed  building-up  and  decay  of  the  nega- 
tive glow  discharge  through  its  different  stages  as  the  potential  on  the 
tube  fluctuates.  The  positive  streamers  have  at  times  been  observed 
at  critical  voltages  on  rough  wires  when  no  spark  was  in  series. 
These  streamers  are  similar  to  the  positive  brush  discharges  observed 
from  pointed  electrodes  maintained  at  high  positive  potentials.  Their 
characteristic  presence  in  the  corona  tube  when  a  spark  is  in  series 
is  due  probably  to  the  sudden  impression  of  a  strong  field  and  may 
be  accompanied  by  a  discharge  of  positive  metallic  ions,  since  it  has 
been  observed  that  the  surface  of  the  wire  becomes  disintegrated  at 
points  where  these  streamers  are  maintained. 

The  following  conclusions  have  been  made : 

(1)  A  spark  gap  in  series,  with  the  discharge  tube  affects  the 
positive  and  negative  corona  in  very  characteristic  and  striking  ways. 

(2)  The  changes  are  due  to  intermittent  currents. 

(3)  A  hot-lime- cathode  Braun  tube  has  been  developed 
and  used  in  observing  the  weak  pulsating  currents  which  pass 
through  the  spark  and  the  corona  tube. 

(4)  Evidence  has  been  given  to  show  the  relation  of  the 
corona  to  the  arc  discharge. 

(5)  An  attempt  at  an  explanation  of  the  pulsating  current 
has  been  made. 
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CHAPTER  XI 
Other  Types  of  Corona  Discharge 

Two  wires,  0.167  nam.  in  diameter,  wrere  arranged  parallel,  two 
centimeters  apart,  inside  a  glass  tnbe.  Photographs  given  in  Fig.  62 
were  taken  showing  the  discharge  between  parallel  wires  at  reduced 
pressures  with  and  without  a  series  spark.  The  three  lower  half-tones 
show  the  typical  isolated  brush  discharge  on  the  negative  wire  with 
corresponding  luminous  sections  of  the  positive  ware.  The  negative 
brushes  had  a  brilliant  nucleus  with  a  fainter  glow  spreading  out 
from  it.  For  pressures  lower  than  those  for  which  the  photographs 
were  taken,  the  discharge  became  more  brilliant;  the  brushes  spread 
further  apart  and  increased  in  size.  Each  section  of  the  positive 
glow  was  usually  of  uniform  brilliancy.  For  comparatively  low  pres- 
sures and  high  voltage  the  positive  sections  became  somewhat  dis- 
continuous, and  bright  spots  mixed  with  the  uniform  glow. 

Two  No.  36  wires  were  stretched  three  centimeters  apart  over 
hard  rubber  bridges  in  order  to  be  parallel  and  the  discharge  between 
them  was  studied.  When  the  visible  discharge  was  fairly  started, 
it  took  the  form  of  a  uniform  continuous  glow  along  the  negative 
wire.  It  was  discovered  that  the  humidity  of  the  air  had  a  marked 
effect  upon  the  discharge. 

The  introduction  of  a  short  spark  in  series  made  a  marked  change 
in  the  nature  of  the  discharge.  Both  wires  were  more  or  less  com- 
pletely covered  with  a  nearly  uniform  glow  and  there  was  no  longer 
any  marked  difference  between  positive  and  negative  (see  Fig.  62). 
At  low  pressures  and  relatively  high  voltage  the  discharge  between 
the  wires  resembled  a  sheet  of  luminous  rain.  An  intermediate  effect 
had  bluish  streamers  between  the  wires. 

A  platinum  tip  was  arranged  to  be  moved  from  one  wire  to  the 
other  and  thus,  as  shown  in  Chapter  VII,  the  distribution  of  potential 
between  the  wires  was  determined.  Three  explorations  were  made, — 
namely,  when  the  voltages  were  8,000,  10,000,  and  12,000  volts. 

Fig.  63  shows  the  curves  for  the  field  distribution  and  also  the 
distribution  of  the  field  as  calculated  from  the  electrostatic  formula. 
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The  curves  show  that  the  actual  distribution  of  the  field  departs 
widely  from  the  electrostatic  formula,  especially  at  the  lower  voltages. 
A  large  anode  and  cathode  fall  of  potential  exists. 

A  study  of  the  corona  on  a  wire  at  the  axis  of  a  short  cylinder 
was  undertaken  in  order  to  increase  the  knowledge  concerning  the 
losses  which  occur  in  high  voltage  transformer  bushings,  in  wall, 
ceiling  and  line  insulators.  For  preliminary  experiments  it  was  de- 
cided to  have  air  as  the  insulating  medium  and  to  use  a  wire  passing 
through  the  axis  of  a  short  cylinder. 

The  apparatus  consisted  of  an  aluminum  disc,  2  mm.  thick,  with 
a  round  hole  16  mm.  in  radius  at  its  center,  placed  in  a  horizontal 
plane.  A  vertical  wire  passed  through  the  center  of  the  hole.  This 
apparatus  was  enclosed  in  a  glass  jar  so  that  dry  air  could  be  ad- 
mitted. 

The  visual  phenomena  of  this  corona  depend  on  the  polarity  as 
in  the  case  of  coaxial  cylinders,  but  the  variety  of  the  phenomena  is 
even  greater.  If  the  wire  is  positive,  the  corona  is  uniform  along 
the  wire  over  a  large  range  of  voltages  and  pressures.  Below  130 
mm.  of  mercury  pressure  the  typical  positive  glow  will  collapse  to 
a  much  shorter  and  brighter  glow,  a  few  seconds  after  the  switch 
is  closed.  After  the  voltage  is  increased,  the  luminous  strip  on  the 
positive  wire  takes  its  final  form  of  a  triangular  flag  diverted  toward 
the  negative  bead  on  the  disc.  With  increasing  voltage,  the  negative 
head  on  the  disc  becomes  brighter  and  is  accompanied  by  a  ring  of 
light  along  the  edge  of  the  disc.  The  colors  of  the  positive  and  nega- 
tive glow  are  distinctly  different. 

If  the  polarity  is  reversed,  the  wire  becomes  negative,  the  disc 
becomes  positive  and  the  positive  glow,  at  first  uniform  along  the 
edge  of  the  disc,  breaks  into  distinct  beads.  These  positive  beads 
move  around  the  periphery  of  the  disc,  while  at  the  same  time  the 
negative  bead  travels  up  and  down  along  the  vertical  wire.  This 
phenomenon  is  illustrated  by  Fig.  64.  For  higher  pressures  there 
appears  a  large  number  of  negative  beads  on  the  central  wire  ac- 
companied by  a  weak,  uniform,  circular,  positive  glow  along  the  edge 
of  the  disc.  A  spark  in  series  with  this  corona  modifies  the  appear- 
ance in  a  way  analogous  to  that  of  the  coaxial  cylinders. 

The  starting  point  of  the  corona  for  positive  and  negative  wires 
has  been  observed;  the  results  resemble  those  obtained  in  the  fore- 


(a)  Arc  i\  Series,  Prbssurb  312.2  mm.,  Vowa  8000,    Vjipbrbs   1. SOX  10— 4 


(6)   Arc  in  Series,  Pressure  312.2  mm.,  Volts  8000,  Amperes  1.14X10—4 


(c)   No  Arc,  Pressure  312.2  mm.,  Volts  8000,  Amperes  2.35X10—4 


(d)  No  Arc,  Pressure  450.0  mm.,  Volts  8700 


(e)  No  Arc,  Pressure  450.0  mm.,  Volts  8400 


Fig.  62.     Corona   between    Parallel   Wires   at   Reduced   Pressures 
Lower  Wire  is  Positive  in  Every  Case 
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going.     The  characteristic  curves  also  are  similar  to  those  obtained 
with  wire  and  cylinder. 

The  experimental  knowledge  of  the  corona  is  still  very  incom- 
plete. Little  has  so  far  been  done  in  the  spectroscopic  analysis  of  the 
various  light  phenomena  which  accompany  the  corona.  It  has  been 
found,  for  instance,  that  the  negative  beads  in  hydrogen  do  not  give 
the  characteristic  series  lines  of  hydrogen,  but  rather  a  continuous 
band  in  the  red  and  yellow  region  of  the  spectrum.  It  is  hoped  the 
knowledge  in  this  field  will  be  increased  in  a  short  time.  Mechanical 
vibrations  of  the  wires  and  an  electric  wind  have  been  mentioned 
occasionally,  but  these  phenomena  also  require  further  study. 


Fig.  64.    Corona  on  a  Wire  at  the  Axis  of  a  Short  Cylinder 
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Bulletin  No.  82.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snod- 
grass,  and  R.  B.  Keller.     1915.     Sixty-five  cents. 

*Bulletin  No.  83.  Magnetic  and  Other  Properties  of  Iron  Silicon   Alloys,  Melted   in  Vacuo,  by 
Trygve  D.  Yensen.     1915.     Thirty-five  cents. 

Bulletin  No.  84.  Tests  of  Reinforced  Concrete  Flat  Slab  Structures,  by  Arthur  N.  Talbot  and 
W.  A.  Slater.     1916.     Sixty-five  cents. 

^Bulletin  No.  85.  The  Strength  and  Stiffness  of  Steel   under  Biaxial  Loading,  by  A.  T.  Becker. 

1916.  Thirty-five  cents. 

Bulletin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore  and  W.  M.  Wilson, 
1916.      Thirty  cents. 

*Bulletin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illinois,  by  F.  R.  Watson 
and  J.  M.  White.     1916.     Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by  E.  A.  Holbrook.     1916. 
Seventy  cents. 
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Bulletin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel.  1916.  Thirty 
cents. 

*Bulletin  No.  90.     Some  Graphical  Solutions  of  Electric  Railway  Problems,   by  A.   M.   Buck. 

1916.  Twenty  cents. 

Bulletin  No.  91.  Subsidence  Resulting  from  Mining,  by  L.  E.  Young  and  H.  H.  Stoek.  1916. 
None  available. 

*Bulletin  No.  92.  The  Tractive  Resistance  on  Curves  of  a  28-Ton  Electric  Car,  by  E.  C.  Schmidt 
and  H.  H.  Dunn.     1916.     Twenty-five  cents. 

*Bulletin  No.  93.     A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper,  and  Nickel,  by 

D.  F.  McFarland  and  O.  E.  Harder.     1916.     Thirty  cents. 

*Bulletin  No.  94.     The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel,  by  S.  W.  Parr. 

1917.  Thirty  cents. 

*Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys  Melted  in  Vacuo,  by 
T.  D.  Yensen  and  W.  A.  Gatward.     1917.     Twenty-five  cents. 

*Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through  a  Submerged  Short 
Pipe,  by  Fred  B  Seely.     1917.     Twenty-five  cents. 

Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W.  Parr.  1917.  Twenty 
cents. 

*Bulletin  No.  98.  Tests  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by  Herbert  F.  Moore. 
1917.      Ten  cents. 

Circular  No.  4-  The  Economical  Purchase  and  Use  of  Coal  for  Heating  Homes,  with  Special 
Reference  to  Conditions  in  Illinois.     1917.     Ten  cents. 

*Bulletin  No.  99.     The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.     1917.     Twenty  cents. 

*Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous  Coal,  by  E.  A. 
Holbrook.     1917.     Twenty  cents. 

^Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special  Reference  to  Illinois 
Conditions,  by  C.  M.  Young.     1917. 

^Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mikado  Locomotive,  by 

E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.     1917.     Fifty  cents. 

^Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials,  by  A.  C.  Willard 
and  L.  C.  Lichty.     1917.     Twenty-five  cents. 

*Bulletin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W.  P.  Lukens.  1917. 
Sixty  cents. 

^Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel  Structures,  by 
W.  M.  Wilson  and  H.  F   Moore.     1917.     Twenty-five  cents. 

Circular  No.  6.      The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.     1918.     Forty  cents. 

Circular  No.  7.  Fuel  Economy  in  the  Operation  of  Hand  Fired  Power  Plants.  1918.  Twenty 
cents. 

*BulletinNo.  1 05.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles,  and  Orifice 
Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming,  and  Melvin  L.  Enger.  1918. 
Thirty-five  cents. 

*Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union  Building,  by 
Arthur  N   Talbot  and  Harrison  F.  Gonnerman.     1918.     Twenty  cents. 

Circular  No.  8.      The  Economical  Use  of  Coal  in  Railway  Locomotives.     1918.     Twenty  cents. 

*Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Concrete  Frames,  by 
MikishiAbe.     1918.     Fifty  cents. 

*Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  by  the  Slope  Deflection  Method, 
by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss.    1918.    One  dollar. 

^Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water  through  a  Pipe,  by 
H.  H.  Jordan  and  R.  E.  Davis.     1918.     Twenty-five  cents. 

^Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H.  Dunn.  1918. 
Twenty  cents. 

^Bulletin  No.  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal,  by  A.  R.  Powell  with 
S.  W.  Parr.      1919.      Thirty  cents. 

*Bulletin  No.  112.  Report  of  Progress  in  Warm-Air  Furnace  Research,  by  A.  C.  Willard- 
1919.      Thirty-five  cents. 

^Bulletin  No.  113.  Panel  System  of  Coal  Mining,  A  Graphical  Study  of  Percentage  of  Extrac- 
tion, by  C.  M.  Young.  1919. 

^Bulletin  No.  114-  Corona  Discharge,  by  Earle  H.  Warner  with  Jakob  Kunz.  1919.  Seventy- 
five  cents. 
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